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Abstract 

Formulae f o r  the probablil Ity o f  coll KsBon and orbttall change in  

close encounters w i th  , the planets are f u r t h e r  developed, awiU iery tables 

calculated, and the theory appl led to comets arid astero ida l  populations. 

BrobabOBBties and lifetimes for C S I I % S ! O S ~  and uUttmate orbftal  change are 

ca lcu lated for  selected objects, or groups o f  objects, c@ks!ng the orbits 

of the p r inc ipa l  planets. 

Objects crossing JcnpKterr's o r b t t  are chKeflly e l  fminated by o r b f t a l  

change and e jec t ion  t o  infinity, and have a se8at iveIy short Iifetiwe of the 

order ~f DO" years, Those cowfined to the reg6on of the te rses t r ia1  planets 

are chiefly removed by physfcal call isions end are more long1 fved, w8th a 1 6fe- 

time o f  the order sf IO* years for the &OD Us groupo and 8 x IO@ yeaus f o r  

those cuosslaag the osblt of Mass alone, SO that about 50 per cent of  t he i r  

sr i igiwai populat8on may have survived f rom the beg%aanlwgs o f  the so la r  

system. On the contrary the ApoBio group objects cannot hawe survived over 

so long in te rva ls  o f  time; t h e i r  present number must depend upon the balance 

9 

between e l  imination and supply from other S Q B B ~ C ~ S .  

The origin, s t ruc tu re  and d i m e n ~ f ~ n ~  o f  cornet nuc le i  are reviewed, 

Qort's hypothesis of  t h e i r  o r i g i n  as asteroids ejected from the m e r  
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s considered as most plaus ib le .  Their re-capture 

by Juplter, and by the t e r r e s t r i a l  pllancets as a second stage, feeds comets 

In to  lltesrestrBhrBPa space, o r  t ha t  Inside JupBtss*o, o r b i t o  

process Fss decreasing t h e i r  aphelion dlstances appears to be Whipple8s 

'ouocket effectt8 f o r  n u c l e f  Bn retrograde rotat ion,  

However, the c h i e f  

Statistical grounds are pointing t o  401 Bo group sstakoids chisfly 

originating from residual nuc le i  of  comets, the supply  from the esteroldat 

b e l t  by beaus pestuubetiows being inadequate though not weg8%gib8e0 

A formula f o r  est!mattng the diameters of  comet nucle i  from photomstr%c 

data  is proposed and statistEcelly checked as t o  srdeu o f  magnitude, The 

average diameter 0% the trnuclesss o f  a CQIITEU o f  the s i x th  absolute magnitude 

(speeial l iy  defined! is estfmated t o  be 10 h, an order o f  magnitude sawaEBelr 

t h a n  suggested by former estimates. 

by t h e  apparent decrease of the  grevltational constant? caused by the j e t  sf 

gases ejected sunward, 

The new estimates a re  also supported 

1 UMTROWCT%ON 

Garnets represent the mast c o n s p i ~ u c ~ ~  group o f  chsnging objects in the 

so lar  system, Their orbi ts,  e f fected by s t e l l a r  perturbat ions a t  great 

distances, and by planetary perturbat ions when  ear t h e  $my are  %nor:-!s%cal lsp 

unstable and, by sheddrng o f f  matter, they are une%er .g~ing  a process ~f $is- 

integration which may end either i n  complete or i n  partial destruct ion,  The 

changer i n  comets are d i r e c t l y  observable) invo lv ing processes which may have 

been instrumental i n  the formation o f  the members o f  t h e  s o l a r  system, 

Wirki r ,he cosmgonic imp! Scations I n  mind, t h i s  a r t i c l e  considers i n  particular 

xhe dynamlcal survival of comets and other sosay bodies i n  encounters w i t h  

t h e  pilanets; hence 315s a clue to P possible genesis, I ink betdeesx cr;mets and 

astero ids i s  iordicated s t a t i s t i c a l l y .  



2. SURWBWAL ow EWCOUNTEWS" 

(a> The s t a t i s t i c a l  settlaaq 

TWO i n te rsec t i ng  o rb i t s  may r e s u l t  iw large g m u r ~ o a a s  a t  c lose 

encounters, or even i n  a physical a=olll%siow, The same holds fo r  crosslaag 

orbits which do not %ntersec& beat which cover a C O ~ Q ~  range i n  he l i osewt r i c  

distance; t h i s  f~110ws firom the general character of the secular per tu r -  

bations, usually a precession of the node and advance sf the gerOheBlon whEch, 

a f t e r  i n t e i rva~s  of the order of 10" 

so lar  system,  Iced repeatedny t s  Bntersect&cno An orbR't o f  a smealD body 

crossing t h a t  of  a prfwsipaB planet is therefore Iwarlnsfca8 1 y unstable, 

unless a par t icu lar  mechanism of comewsursbl l i ty  (e.g., i n  the case of 

IO" years i n  :he inne l .  porti~ns of the 

Pluto w i t h  respect to Neptune t 1)) prevents the two objects from com!wg close 

togethero 

exists, so tha t  t h e f r  survival ls a mda%te% o f  stat!stlcal expectetfon. 

 BO^ comets and mot other s t ray  bodEes no such comessurabf8i ty 

The expectation o f  o r b i t a l  change o f  ob jects  C ~ O S , S ~ I - R ~  the o r b i t s  of 

planets can be treated according t o  the theory o f  p robab l l f t i es ,  

f a t e  of  iwd8vldual bodies may be vlr~ua&8y unpredictable by the methods 

of c e l e s t i a l  mechanicsg but statistical predicti~ns may s t i l l  hoBd as averages 

f o r  an e n t i r e  population, 

The 

On1 y interactions a t  C B  cse encounters are cons F dered here; these 1  ea;^ 

Orbital chmge from perturbat ions a t  g rea t  distances t o  the major changes, 

is less dras tkc  and, frl comparIsoaajcen be disregarded, 

$he probabilities depend on the orbital elements a d ,  as these are 

c b x g e d  in an unpredictable manner, the problem becomes h igh ly  involved 

&er: c ~ d i v i d c d l  objects  are considered, However, i f  a steady or  sIswlly 

cbuwgiwg orbital popbellation of the s tray  bodies (ccmecs) i s  assumed, call- 

c ~ l a t i ~ n s  base,' -n m y  exfsting s e t s  o f  o r b i t a l  elements w6EY y i e l d  
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The total r e l a t i v e  velocity U, an Bnvsrlant i n  repeated encounters 

w i t h i n  the frame o f  our merhernaolcaB slmgl3f%ce&ioas, i s  then 

or the distrance OB the asymptote of the hyperbollic relatiwe orbit o f  the 

particle From the p lane t ,  i n  the esoventional By assumed two-body inter- 

actlow during t h e  passage of the particle through t h e  sphere o f  actioq o f  -2  

ch 
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crossing is possible. Usually the cross 

a s i n g l e  passage the aswall Incllnat8on 

does not apply when 1 

and when s i n  I 8s saal 

s a 8  i a sfn" i 6  

ng Is complete and f = 1 For 

s to be taken, but the formula 

s very sml~ (< o?#. Over ~ o n g  intervals ob time 

the statfstical average deflned through 

Q sin2 %o 3) 
can be used; here 8 and f a r e  the average inclinations, re!atifve t o  the 

invar iab le plane, o f  the o r b i t s  of p a r t i c l e  end planet,  respect ively.  

The r e l a t l o n  of  periastron (perigee) distance, r, t o  the target  

c 0 

radius, sj8n the ~ . w Q ~ x x ~ V  encounter o f  particle with planet i s  

2s = r ( 1  * @/r I$)xin 81 

S u b s t i t u t i n g  t h i s  into equation (6) , an expression f o r  the probabi! I t y  

of  a planetocentr fc passage, a t  a distance closer 3r equal to 6, can be 

obta I ned, 

For near ly parebol ic, won-periodic orbi ts,  p i s  the average probebl l  i t y  

per apparition for objects wEth similar orbi-cel eUernessts i f  the longitudes of 

t h e i r  fiodes and perlihel i a  are d i s t r i b u t e d  a% random; the parameter, A( ]-e*), 

ls t h e n  to be set equal t o  2% the double peruhelisrt distance, 

For a periodic o r b i t ,  of a per iod  i n  years where Q I s  the 
0 

mean hell iocentsic distance of the p lanet  in  astronomical units, the 

probability P per  p a r h ,  corresponding to a reciprocal o f  the lifetime T s  i s  

I &  = B = p (ao A) "" ' (yrYL)  9) 

When r 5 R,the radius of the planet, equatiotas ( 6 > ,  ( 9 ) )  and (8) 

def ine the probability of physical ~ ~ l l l i ~ i o s ~  end i t s  t a rge t  radius s S o  

Q G )  krobsbil l e v  o f  enqular de f lec t i on  

In the convent Bsnal By assumed two-body f r e e  encoisarater, when b 2 R, the 

Uc-.~.eetor remains constant and only changes direction by an a n g l e  X ,  given by 

s i n  v z r  = ( a  Q ru*&g-"1 (10) 
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orbi ta l  change can t h e n  be calculates, whew the sol i d  angle   SO the 



where the upper  (-1 s ign  corresponds t~ q > I (  large aphel !on), the Sower s ign  

t o  q < 1 (ma8 1 per ihe8  ~sw), the e f f e c t i v e  value of  a s a  can be assmed 

approximately equal to  
9 

Special casesz when the procedure as descrjbed above does not apply, 
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( 6 )  Piartial crsssinqs 

Maen the per ihe l ion  or aphelion of the p a r t i c l e  is  placed between 

t h e  perihe8 Kon amd aphel Ion of the planet,  the csoss6ng Is partial The 

overlapping fraction, to be used with equation (6)) is then 2) 

f - ( a r c  COS E) /B  24) 

Where 

E = [A(]-e) 0 ( l -e$ )7  1 [ e & l - e ~  

for c rx~ss ings  near persheli~n of the part i c l e ,  and 

E 8 [(]-eo2) - A ( ]  +e)]dF&(I++e)J 

for  crossings near ephei &SUI of  the  p a r t l e l e ,  

6\11 formulae apply wlthoenU mod!ficst%ow fo r  II f 7  S,5. However, 

wheq 6: < S,g, Usbecomes imaginary and fu r ther  adaptation of  the formulae 

i s  required, Evidently, the pro$&%\ ' itles of e ~ o t ~ n t e r  will W O ~  vary much 

with small var8at10ns 8m uhs o r b i t a l  dimensions o f  the planet, Hence, for 

C',5 7 f 7 8 21) 

In equations (2) - (5 )  i t  i s  proper io use M(l+s&l instead of A for  

per?heU 'on crossings, and M ( ! - e d  fo r  aphel ion crossings, 

When 

A(]-e) 1 +eo9 or A( 1 +e) < 1 - eos I E/ 7 8 ,  f Is imaginary and 

crossing is formally not possible, Colllisions are then not allowed. WSW- 

ever especia l y  with the giant planets, close encounters may s t i l l  be 

e f f r r l e n t  in producing angular deflectiono Bn such  a case i t  is advisable 

to use equat oris (2) - (5) with A!( ]  +eo 9 D) instead o f  A for  per ihe l ion  

appiE ;e5 ( n o  longer crossings), and with A/( B eo - D) f o r  aphei ion 

+pcZbr.s ,  t o  subst i tute  A ( l  - e> - ( I  -k eo) or ( 1  - eoj - A(: * e> f o r  

b i 

9 

equat%a,r (661, and sub t r ac t  D from the numerators o f  equatioi;s ( 2 j )  

as,d (26)  



possible whose oecond-stage probeBi8ities can be treated by the standard 

Po rmu 1 B e  0 

The procedure which i s  here described, although not precise, w i l l  

y i e l d  approximations which are close enough f o r  practical use. 

(e) Auxil iery tables 

Table 2 contains cross section data calculated for the principal 

planets, to be used for assessing the probabilities o f  collision and 

orbi ta l ;  change, 

zero, and ~Sbe z a 3 c x 9 a t i o ~ s  ~ ~ V I L :  been made a~ccording to equations (81, 

( I 5 ) $  (863, ( I T ) ,  and (IS), With equations ( 4 )  and (91, the Interpolated 

value o f  s" = s2 from t he  tabje  y ie lds  then the probehi] ity sf physical 

CSII B S F ~ ? ~ ,  and with 8 = 5' x [~P/s*) the same equations yield the 

probab015ty o f  a f u l l  deflection in swglle. The table contains also the 

seiar iure pr&abi8 itiss (e) of ejection and defl lestion to crossings with 

other  pl m e t s  (I 

The rad ius  and mass o f  the particle are assumed to be 

Deflection to a close passage by t h e  sun is a lso  o f  special interest, 

from the standpoint of  survival of the particle, 

for such a deflection i s  ssemaeized i n  the second line of Table 3. The 

table l i s t s  the extreme l i m i t s  of  heliocentric distance attainable t h r o u g h  

repeated encounters with a single planet as calculated from equations 

The limiting condit ion 

(13) and (34) 0 



- I % -  

T e b l s  d .  CaZ! is icxr  artd t$-?~cjar  k f ? e c t X o n  P a s a r n a ~ ~ ~ - s  fiir C i o j i  Encounters 

R = radius o f  planet, 5 = t a r g e t  radius for phystcal colll ision, cr = target 

radius f o r  full deflection, D = radius of sphere of action, e l l  i n  units of 

the planet's mean heliocentric d i s t a n c e j p  mass of  the planet, i n  solar 

un! ts; Q - relative probabi 1 i t y  of o r b i t a l  change (+IS I 

-$ planet, to crcasslng with another planet ) 

12.2 

3 032 

10211 

0 0 534 

0,269 

0.148 

0.089 

o*w7 

0 037 

0.018 

0.W6 

0 0024 

Q 0005 

P * 0002 

0 Y 0001 

30.7 21,4 

15.3 10.1 

10.1 5.32 

7456 3.05 

6.22 1.85 

5.40 10!7 

4.87 0.771 

4.78 0.696 

4.27 0,368 

3.82 0,195 

3.60 0.067 

3.45 0,029 

3.29 0.006 

3.23 0,002 

3.22 0,001 

excape to in f in i ty ;  

27.7 35.3 
13.3 17~6 

8.20 9.87 

5.96 6.07 

4,68 3 . 9  

3.92 2.57 

3.48 1.76 

3,32 1.59 

2,85 0.889 

2.54 0,489 

2,22 0.179 

2-87 0.079 

0.017 

1-89 0.005 

I , %  C.OOj 

- 
- 
I 

- 
0.01 9 

0.111 

0.1183 

0.200 

0,292 

0 0 g;! 

0,491 

o 666 

0,764 

0.91 6 

1 .coo 

. 
I 
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Table 2. Continued 

U 

Q.10 

0.15 

c.20 

' 0,25 

f5,y.l 

0035 

O " G 0  

0.4142 

u.5; 

0.60 

0,80 

1 .QO 

1.50 

2.0C 

2.4142 

i1.8 1 3 . 3  - 
6.43 5.38 - 
4,57 2,52 - 
3.72 1..30 0.033 

3.26 0,730 0.834 

2.93 0,432 OO2O9 

2.76 0,276 0.269 

2'.75 0.245 0.283 

2.58 0.122 0.360 

2.47 0.061 0.429 

2.34 0.021 0.534 

a028 0~009 0 .618  

2.23 0.0015 0,786 

2.21 0.0006 0.934 

2 2 1  s.0003 1.000 

1700 298 - - 
757 432 - 0 

425 438' - a, 

273 391 Y 

189 340 - - 
140 290 - - 
107 250 - - 
100 241 0.000 .= 

69.0 189 0,125 0.052 

48.0 140 0.233 0,806 

27.4 96.2 0.388 0.164 

17.8 6 7 ~  S ~ ~ S O  0~189 

8,36 33.6 0,708 0 J g g  

5.06 19.4 0.875 o o o  

3.71 '13.1 I . O i l J  0 0 0  
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Table 2. Continued 

Sa t u  rn Uranus 

R 4 , q  x 10-5; D - 0,0522; R = 6,66 x D = O . O q 9 ;  
p = 2.86 x loa4 /L"' 4,37 x lo-" 

67 5 

652 

530 

423 

340 

278 

233 

222 

1 69 

128 

80.2 

55.2 

23.2 

14.2 

9.2 

0+ 
(40) 

- 
0 

Y 

- 
- 

0 000 

0.125 

0 Q 233 

0.388 

0.. 500 

0.708 

0 Q 875 

1 "000 

Y 

0 0 0  

0.129 

0.199 

0,244 

0 276 

0.300 

0.306 

0,330 

0 348 

0 364 

0 366 

0 346 

e 0 0  

0 0 0  

75.8 1330 - 
34.7 878 Y 

l9.Q 608 0 

12.2 446 - 
8.47 343 - 
6.25 270 0 

4,8% 219 Y 

4.48 208 0,000 

3.10 153 0,125 

2.18 113 0.233 

'J .26 68,3 0.388 

0.833 45.3 0.500 

0.411 20.0 o.7oa 

0.264 10.5 0.875 

0.204 6.55 LOW 

e e* 8 9  
(Saturn) (Jupiter) ( ~ e p t u n e )  

Y 

- 
s.040 

8 ,  E24 

0, a80 

0,220 

0,248 

0.255 

0.285 

0.307 

0,328 

0 9 333 

O . ~ F  6 

O Y O  

0 0 .  

- 
0.1p 

0.285 

0.360 

0.41 5 

0,458 

Q 0 495 

0.504 

0,562 

o e 605 

0,684 

0,749 

o a 878 

Q@30 

F .a00 
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Table 2 ,  Continued 

U 

0.10 

0 . ~ 5  

0.20 

a25 

0.30 

0.35 

O"40 

6.4K42 

C),fjo 
0.60 

0~80 

1 .oo 

1.50 

2"OO 

2,4142 

Neptune 

R = 5.89 x lo-"; D =  0,0294; ,U - 5.08 x IOp5 

9 cr2b sa 
( 10-8) 

59.7 2160 

26,6 1450 

15.0 i o i o  

9.57 745 

6,66 577 

4.89 457 

3.78 369 

3.50 352 

2.42 260 

1.69 193 

0,964 119 

0,631 80,o 

0.300 37.2 

0.184 20~6 

0,137 13.4 

0 

0,100 

0.204 

0.262 

0.300 

0,326 

0 346 

0.350 

0.37'6 

0 386 

0,398 

0,398 

S.407 

0 0 "  

0 0 0  

- 
P 

u 

0.000 

0 0 058 

0.102 

0.1 84 

8.164 

0.200 

0.239 

0.253 

8 e 384 

0 - 9  

0 0 0  
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i a t ! e  3"  Hinirtiurn and Haximum Attainable He1 i s c e n t r i c  Qistances f ro?  Close 

Encounters wi th  one Planet 

n 
u 0.00 0, 05 0 , l O  O,l5 0.20 0.25 0.30 8,35 0,40 0,4142 0.50 0,60 0,80 21 .OO 

For small values o f  Q, instead of equation (ab) ,  the approximation 

cl osel y holl cis 0 

Table 4 contains the probability f a c t o r s  a? defined by equation (85) and 

calcu lated from e q ~ e t i o n  (20a) for defUectisw t o  a perrihellion distance of 

f 0.0054, With respect t o  Jupiter, t h i s  corresponds to a distance o f  0.028 ai, 
asts-on u n i t s  01' s i x  solar radii, where t h e  equilibrium black-body temperature 

of a sphere  i s  3670' likely t o  lead t o  rap id  destruction o f  small solid 

bodieso 

T a b l e  4. Relat ive Probabil i t y  o f  ReflectKon t o  Perlhel ism Distance 0.0054 

and o f  E ject ion to lilrafinity 

U 50,896 0.9 1 .o 1.2 1.5 >1.8 

C&( Q 0054) 0 0.0012 O . E 7 Q  0.0134 0.0042 Hypesbol i c  only 

N.0 L0.445 0.447 0.500 0,592 0.708 0 0 0  

According to  Tab1 e hr9 the psobab 1 1  I t ies of  eJ est  ion, and the i r range 

of U (>0.4142),  are so very much greater  than those of de f lec t i on  t o  a 

small he! i o c e n t r i c  distance, that  few objecQ in  an e x i s t i n g  population can 

he e%fper f - ,_?  t~ have undergone excessive heating i n  close approaches to  the 

5 3 .  . a i s  has an important bearing on the i n t e r p r i  ration of the 1 i f ?  h i s t o r y  

of meteor i tes 
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5 .  DYMAH8CAL BROBABitSBBES OF=HIb%ATION FOR CQNETS~ AND RELATED OBJECTS I *I__ 

(a)  ~ u I t S p I e  crossinqs 

The total probabi l  i t y  ob an event, depending on crossings w i t h  severall planets, 

I s  eonventjonal ly assumed t o  be equal to  the sum o f  the probabil  iieies for  each 

separate crossing. The i n te rac t i on  of the cros5!ngs, i n  making possible 

o r b i t a l  changes which are  not alloded by s i n g l e  crossings9 is provis lone1 F y 

not taken i n t o  account f o r  reasons put fcrward i n  sect ion 2,a. This tnEer- 

action, or "playing b a l l "  w i t h  t h e  c~oss ing l  pareiclie, can be considered as a 

second s t e p  ' a 9 n '  

i s  practically equivalent to el ;a%rnatlon of the particle from the original 

population, because o f  the much greater p r o b a b i l i t y  of encounter and shorter 

l i f e t i m e  r e l a t i v e  eo the large p laneto 

bf~ec : ion  t o  a c:ros5ing with a nuch la rge r  p l a n e t  (~upitar) 

i f  pk [eqaation (91 I S  the  p r o b a b i l i t y  fs r  ~ g l e  cr-ossisay of an event 

leading t o  the to rminat ion  of existence o f  the p a r t i c l e  ( e i t h e r  destruct ion 

or e1 E U ~ ~ W K ~ W  f r o m  the or lg iLaa$ environment), t h e  total probabili 3ty o r  inverse 

l i f e t i m e  i s  given by 

I J t  = Po - ZP, 29) 

and the p a r t i a l  prsbebil i t y  o f  one p a r t f c u l a r  event ( ~ 0 1 1  ision w i t h  a planet, 

e j e c t i o n  t o  infinity, de f lec t i on  to a crossing w i th  a larger  planet) is defined 

5 5  

J, = p p 0  

T h i s  i s  a t rue  p robab i l i t y ,  conforming t o  i t s  mathenat cat def 

I$-values as used here a re  actually mathematical expectations. 

n i t ion, whereas the 
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t~ comets (g. next sect ion).  In the tables, u i s  t h e  r e l a t i v e  velocity ~n 

a crossing, On u n i t s  o f  the mean orbital velocity o f  t h e  planet, ca lcu lated 

according t o  equation ( 5 &  9, E5 the r e l a t i v e  psobab%l i t y  o f  co11 ision, Joa 

(Table 5 )  the grobabil ley of efectlon to infinity, J, (Table  6) ob deflectlota 

eo ~upiter’s crossing (equivalent t o  e9 iuninatioaa firom the t e r r e s t r i a l  group), 

JE (Table 7) o f  de f lec t i on  

Mars group and transfer t o  

( 3 0 )  and (29)  Z i s  the 1 

or I g i slal popul at ion surv i v 

x t  expo ( *  tir) 
The survival prohabit i t i e s  

BO Earth‘s crossing (equ iva len t  t o  e l  imination .Frw 

jcpI 1 .. 4, 

The diameters o f  asters!& and o f  

(where the magnitude of the nucleus was 

assumption of a lunar albedo(2’, accord 

cornets which have t h e i r  integrated magn 

cedeyre, the few diameters o f  the nlacle! 

fetime, de f i n ing  the fraction X t  o f  the 

ng a f t e r  an ‘interval t as 

( 3 0  

for a l l  crossings combined a re  

J c =  =Jc# J/ % 0 9  J J m  4, (32) 

zsnotlng the t o t a l  p r o b a b i l i t i e s  of toliUis;ion, of e j e c t i o n  t o  infinity, and 

of de f l ec t i on  to J L p I t e r p s  crossing, respect ively.  

Is g i v m ;  the r e l a t i v e  probabil i t y  o f  physical coli is!on w i t h  Mars i s  then 

lira Table T g  only J, 

( 33) 

the neacileus sf comet 1949 m 
observed) a re  calculated on the 

ng t o  equation (40) I) For a few 

tude derived by a standard pso- 

a re  t e n t a t i v e l y  derived from 

equation (5s) ~ 4 t h  6 = 2,18; these diameters are masked w i t h  t h e  l e t t e r  c .  

The lrables are grouped according to the type o f  o r b i t a l  elements 

a n ?  ~ o > s i r q s ,  as these alone determine the dynamlcal survival without 

a q a i r i  ,o t h e  physical proper t ies o f  t h e  bodies (exceyx Vhen t h e y  dre  

8’2 ,’ small and inf luenced by rad iat ion pressure &rad drcig) e 

Table 5 c~ntains only objects crossing Jupiterss o r b i t .  The condi t ion 



n the tab le  but for a few casesy completely B 

apparently now-cometary object  of t h i s  quelif 

however, there a r e  no r e l i a b l e  Iwdlcations as 

- 1  y,, 

i:oar;;5 uui be e q i i 6 ~ I e ~ ~ ~  to 2 sejectics: sf ~s::>ets, arbcj of ? r z t e ~ ~  ctre>z5 

related t o  comets. The majosity of pertodic cornets C W B ~  have been incor- 

sted Fn Tablet6 and 9. 

cation I s  the as te ro id  

t o  ! t s  physical nature; 

i t  could we81 be an Inac t i ve  cometary nucleus, ra ther  then a runaway asteroid, 

As compared with a former publication where only physical ic~illl!sion~ were 

consldere&P! the t o t a l  probabil  ! t i e s  o f  e l  Emination of the objects of  

~eeltslt?! 5 are  much greater asad the I Efat!mas sImut%s, as a consequence sf 

e88mlnetion by angular deflectEon im JeopBterbs gravitational f ie ld .  

On t h e  other hand, f o r  uhe  objects o f  Table 6 cuossing Q W D Y  uhe 

o r b i t s  of the t e r r e s t r i a l  planets  the angular deflection i s  relatively 

;nsign%ficawf, especially a t  h i g h  velocities, so t h a t  physllca! colllisions 

do3lnste the process of eltrn%wation. 

cst Table 7 in single cr~ssings w i t h  Hars, 

This i s  even more t r u e  o f  the objects 

BP i s  significant that t h e  condition of selection by Jupiter crossing 

!sa fable 5 y i e l d s  numerous comets beet only owe doubtful as te ro id  Hidalgo. 

This i s  explained by t h e  short 9 ifetims o f  as te ro tda l  objects ( !,e, those 

of moderate inc! ination and eccentricity) i n  Jupi ter  crossings (c0 the 

second and f o u r t h  entries of Table 5 ) ?  so t ha t  they are el iminated much 

fas ter  then t h e i r  sate o f  injection i n to  t h e  Jupiter  group. Qn the other 

hand, the r a t e  OQ l n J e ~ t i o w  i n t o  the group os comets by capture  from the 

now-periodic complex(') i s  very much higher than from the asteroidai 

p 3 ~ ~ J a . & i o n ,  SO t h a t  many of t h e  captured comets are stiil observable and 

9 rev? i 3 n the 1 i st, desp F t e  t h e  i t- rep i d d i sappeasance 
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Diem. nucleus, Km 

Period, yrs.  

a( 3 -e) ,estrone uno 

a( !+e). ,  estron. uno 
i, degree§ 

u 
J, 

joo 

U 
Y 
J .. 



haole 6 ,  

ObJ ec t  

4 Km 

Encke ' S 
Cornet W i  II son 
(~aurids) t!arr!ragton Ge'bninids ApoB l o  Adonis Wermes 

Ccmet '944) i l l !  

1.7 (6 

a, astson, uno 2.22 

5.9 0 0 0  

1.746 1.38 

1 .or276 0.140 

2.47 2.62 

2 "2 24 

Hercury CPOSS Bag 

- 1 .IO 

- Q023 

- 0 0 000 

wenus Grsss 6mg 

0 1 . I7  

e 0.44 

0 , o q  

Earth Cross i eag 

0,219 1 .E6 

0 772 0.28 

0 000 0,011 1 

Hers cross i ng 

0 430 1.07 

0.214 0.04 

0.014 0 (1 000 

A! 1 Cross i ngs 

0.986 0.933 

3300 245 D 

0.01 4 O o Q F 7  

0.884 0.943 
o.es6 o.og7 
64. 68, 
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Object lcarus 

d, KJn 1.4 

a, astssta. uno 1.08 

a( li -e) 

a( !+e) 

i, degrees 

eB 

-%e 

J, 

u 

d ,  

J J  

U 

s, 
4, 

u 

J c  

J r  

id c 

5 
z> 110" y r s  
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ObJ ec t  

153 Wilds 4.59 8.7 0,879 0.68 l o g  a .QO 8,QQ 

499 Verausia 4.84 3.9 ooa95 0.92 202 1 .oo 0.08 

525 Adelaide 4.58 2, B 8.221 0.22 0.6 B .oo 8,OO 

1038 Tuckie 4.88 8,4 0.249 2.7 100 II .00 0,08 

+v ~tne close appulses, however, apparently cannot take place, on account o f  qesr 
cmmensurabll ity of the periods o f  planet and Jupiter and e . s  ing preventive per- 
turbations, as i n  the case o f  Pluto w i t h  respect to  NeptuneP'y, so t h a t  the 1 i f e -  
times are extended Indefinitely, 

Table 1 1 ,  

Object 



b 
< "  ( c )  DynmiceJ surv iva l  o t  a e r s  1 0  w ~ ! e t e  o 

near crosslng ~ 9 t h  Jup i te r  

Tables 8, g9 and 10 contain data for  objects i n  p a r t i a l  crossing or 

t 

i n  near appulises t o  Jupiter, callsulaeed with t h e  a i d  o f  the ru les and 

equations o f  sec t i onZ(d )  

mation o f  close encounters i s  S ~ O  longer good; i t  becomes W Q A S ~  FOP imperfect 

e,:ussings. Nevertheless, the calculsted Iifeti~es for  a given set  o f  orb: t - . l  

elements s t i l l  may be r e l i a b l e  t o  witAFn 30-50 per cent The objects of 

there tables a re  especia l ly  important i n  evaluating poss\bEe relationships 

between cornets and asteroids; for  this purpose the k?.,ow%edge o f  the searaslvel 

time scales t o  a close order o f  magnitude I s  qu6ts sufficient, 

in the case o f  ~si lp t te r ,  the two-body approxi- 

For the objects  of Table 9, C G I I ~ S ~ Q ~ ~ S  w i r h  J q a l t e ~  a re  n o t  allowed 

'rmediately, but become possible as a csnsequenze o+' o:bttal ~ h m g e  throzagh 

angular deflect ion; the probsbkl l t i e s  o f  c.011 ision &ere, calculated there- 

fore as a second step, On view o f  ~ r b E t a l  charzge, these a t j e c t s  ere only 

ternpooa~iBy inside Jup i te r ' s  perthel  iop; about 70 per cent ~f their 1 i fe t ime 

t h i y  are expected t o  be in  ~sossiirag wikh J:pitcr.. F w ~  t h i s  standpoint, 

there is l i t t l e  d i f ference between the o b j e c t s  o f  Table 8 arcd Table 9. 

However, Cornets De Vics-Sw%ft aqd Tempe! have per iods i n  near c,cmensura- 

b i l i t y  of  9/2 w i t h  Jup i te r ' s  and may be relatively stable,  as are 525 

Adelaide end other as te ro ids  discussed In  the fctE3owing srjbsection (d)  

such a case t h e  calculated IIfetimes and p r o b a b i l i t i e s  do Qot apply t o  these 

t w s  obJect5- 

Y 
In 

The elements o f  Comet Bterms ( T a b l e  9) a r e  c h a ~ g i o g  ;n a very peculiar 

anatamr dl ir ing close approaches to J u p i t e r  '*I; o f  the three calcu lated 

( ' r t - ? + q  

a e f t c i t i o n ;  snly f o r  t h i s  a c28cwlatior was made and t h e  pr~babtiity divided 

by 3,  t o  obta in  k i n d  o f  agerage f o r  a l l  three calccrlated o-bit ;+ The case 

only  one (1965) i s  a close appulse according t o  Q U ~  con-ent ional  



( d )  Astero ids in c lose sppulses t o  J u p i t e r  
- -- 

These a re  se lected by t h e i r  aghel i a  baing p o t e n t i a l l y  w i t h i n  the  sphere- 

o f - a c t i o n  d is tance from J u p i t e r ' s  per ihe l  ion; a complete 1 i s t  Is given i n  

Table 1 1 ,  w i t h  the  omission of Hidalgo which belongs t o  a d i f f e r e n t  group 

(Table 53 

Fourteen out o f  f i f t e e n  e n t r i e s  o f  Table E l  belong t o  the  H i l d a  fam i l y  

of asteroids, w i t h  the pel-iods of rewoBution i n  a near comrnensurabia i t y  

rat io  o f  2/3 to t h a t  o f  Jupiter ( c f .  5th column of  the  tab le ) ;  the  only 

except ion i s  525 Adelaide, w i t h  a period r a t i o  close t o  1/2, 

The 1 ifetimes of representative ob jec ts  o f  t h i s  group, saicudated by 

the conventional methods, are g iven i n  Table 30. Al though a t  present none 

of these ob jec ts  trespasses over JupFter's per ihe l  ion o f  4.94, Et i s  con- 

ce i vab le  that but  a s l i g h t  d e f l e c t i o n  in angle of  the Id-vector would b r i n g  

them i n t o  ree l  cross ing with Jupiter, when phys ica l  collision becomes 

poss ib le ,  The p r o b a b i l i t y  of col8ision, p,, i s  then ca l cu la ted  as a 

second s tep  f r o m  the p robsb i l  i t y  of  angular def lect ion,  p , cr 

i n  former ~ o t a t i o n s ,  w i t h  GJ = 

crossing. 

0 ~ 7 0  very c."losely and f = G , 5  as f o r  h a l f -  

The l i f e t i m e s  ( 5 t h  column o f  Table lo> o f  the order  o f  one million 3 
years, a r e  s u r p r i s i n g l y  s h ~ r t  as compared w i t h  the time sca le  o f  the  so las  

system- The c b j e c t s  would have been e l im ina ted  i n  the  very beginning o f  the 

s o l a r  system i f  the ca l cu la ted  psobasbil i t i e s  were vsl id .  

.!p add;t!on, w i t h i n  t ime i n t e r v a l s  o f  the order  of  "F ( 6 t h  column o f  a 
TBb!e Eix4!r 0 s  8 f e w  thousand yearsS the exclusive distribution o f  the aphelia 

woul3 be upset completely, about 70 pes cent be ing expected t o  reach beyond 

5 3.u., J u p i t e r ' s  mean d is tance.  This  c e r t a i n l y  i s  no t  the case, (and the 

absence o f  I s r g 2 s  aphe l ia  can i n  RO way be ascr ibed t o  observat ional  s e l e e t f m .  
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Eighty  p e r  cent o f  the ob lec ts  o f  Table l l  exceed i n  diameter ( a c t u a l l y  

br ightness)  the lone exception, Hidalgo (Table 5); i f  the  l e t t e r  were an 

escaped asteroid, IQrges  and more e a s i l y  observable ob jec ts  i n  s i m i l a r  o r b i t s  

should ex is t ,  which apparent ly  is not the case. Besidesp the  l i f e t i m e  o f  

Hidalgo as an ob jec t  i n  two- fo ld  crassslng w i t h  Juplter and Saturn i s  

d e f i n i t e l y  shor t  sand cannot r e f e r  t o  a case o f  "long storage", whatever t h e  

commensurabil ity r a t i o  of  the present pe r iod  w i t h  J u p i t e r ' s  (1 1 

We conclude that, by some in te rp lay  o f  per tu rba t ions  i n  near l y  com- 

mensurable periods, the as tero ids  o f  Table 1 1  a re  not o n l y  v i r t u a l l y  stable, 

bu t  even t h e i r  aphel ia  are somehow made t o  comply w i t h  the  l i m i t  o f  J u p i t e r ' s  

perihelion. The mechanism prevent ing c lose  approaches o f  these ob jec ts  t o  

Jupiter may be s i m i l a r  t o  that  of  Pluto u l t h  respect to Neptune'", although 

more c m p l i s e t e d  owing t o  the  greater  reCat lve ex ten t  o f  the sphere o f  

a c t i o n  o f  Jupiter, a3 compared w!th Neptune's. The mechanism i s  d i r e c t l y  

r e l a t e d  t o  close comensusabiB i t y  of the per iods ( 1) , 

OstodoX methods o f  c e l e s t i a l  mechanics seem t o  f a i l  i n  the case o f  

- these ob jec ts .  Thus: i f  Chebotareu's calculations o f  secula~ y e r t u  

bations o f  the asteroids of the H i l d a  family are taken a t  t h e i r  face va 

we would be made t o  bel leve t h a t  the  present s t a t i s t i c a l  pis tuse  o f  t h e  

o r b i t a l  elements, i nc lud ing  near cornmensurabi 1 i t  ies  of the  mean mot ions and 

t h e  1 i !? i ta t !on o f  the aphelia t o  less than 4,534 a.u . ,  i s  a ra re  coincidence, 

vsl i d  only f o r  our t ime - 100 years-  

t h e  mean motions and aphelia, according t o  Chebotarev, would have been 

spreading over a wide range o f  values, w i thout  any t race  l e f t  of t he  present 

s t s t i s t i c a l  r e g u l a r i t y .  The probabi l  i t y  of the  present pecul i a r  d i s t r i b u t i o n  

t o  battc taken p lace a c c i d e n t a l l y  i s  less than (&'" for the  mean motions, 

lesa than (4) l5 f o r  t he  aphel ia, OR a t o t a l  probabil i t y  o f  less  than 

9 
A few hundred years be fore  o r  a f te r ,  
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I t  i s  nor reasonable to accept S U Z ~  an improbable (;oirtciciecrce. Clearly,  

Chebotarevls ca lcu lat ions of  secular perturbat ions o f  the planets o f  the 

Wllda f ~ m f l y  made by expending i n t o  exponential and tr igonometric ser ies 

of time as the on ly  variable, cannot be v a l i d  over time in te rva l s  exceeding 

100 years 1) 

A method o f  ca l cu la t i on  whish would g i v e  r e a l i s t i c  resu l t s  consists in 

numerical integvations o f  the space motion o f  these objects, and not o f  

sbs t rac t 

integaat 

suf f ! ce . 

ons such as o r b i t a l  elements. The r e l a t i v e  accuracy o f  the 

ons need not be excessively high; a nominal aczwrracy of  IO-" would 

B f  automatic regulat ion of the o r b i t s  and close approaches exists, 

i t  w i l l  reveel i t s e l f  i n  the calculat ions despite e r ro rs .  i n  other words, 

the mechanism o f  regulat ion w i l l  equally respond t o  t rue  imperfections: 
3 

A spurious divergence o f  mean longi tude 

and other r o t a t i n g  elements w i t h  time may resul t , but the (a,e, i) set of  

elements must, keep w i t h i n  d e f i n i t e  l i m i t s  i n  s p i t e  of er rors  o f  ca lcu lat ion.  
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4, GEHETBC RELATIONSHIPS QF COMETS AND ASTEROIDS 

(a) Osiqln of comets and s t ruc tu re  o f  nuc le i  

I t Is almost impossible t o  conceive how the c loud  0f comets, situated 

a t  5 x 104 t o  B .5  x 10s astron. units from the 

Snto being by condensation o f  d i f f use  mattes; under any reasonable essumptfono 

as to  the o r i g i n a l  mass ( 1  so lar  mass) and density o f  the solar nebula ( l e s s  

than lo1= gs/cm3), and w i t h  the Bow molecuiar v e l o c i t i e s  e t  these distances 

and ]OW temperatures, o f  the order o f  IO4 c d s e c  f o r  the component normal 

to the accret lng surface ( t h e  csrb8tal velocity (Up m/sec) being negB ig ib le ) ,  

the maximum s i r e  of s o l i d  p a r t i c l e s  aecseted i n  four  bj l l iora  years could 

hewe been of the order of Q Q 1  cm, and much less during the f i r s t  few 

hundred miSEiow years o f  the formation o f  the s o l a r  system. 

o f  comet nuc le i  I-ltOO Km i n  diameter i s  out of  the,ajwestion under these 

circumstances. They must have or tg inated in  much denser regions of space, 

c loser  t o  the suno 

c s u ~  d have come these 

The formation 

From thfs  standpoint, a suggestion by Oort(s'that the comets are 

'hnjnor planets escaped, a t  an ear ly  stage o f  the planetary system, from 

the r i n g  o f  asteroids, and brought in to  large3 s t a b l e  o r b i t s  through the 

per turb ing actions o f  Jup i te r  and the stars", deserves p a r t i c u l a r  atcent ion 

as the only consistent hypothesis o f  the o r i g i n  o f  comets. In  add i t i on  to 

Jupiter, i t  may be t h a t  pr imordial  r i ngs  o f  asteroids from the v i c i n i t y  o f  

o ther  planets may also have contr ibuted t o  the cloud of comets. 

formulae and tables of  the two preceding sections can be used t o  describe 

qusn:itative3y t h i s  process of escape, as wel l  as the subsequent capuure o f  

these object  by Jup i te r  end the other planets i n t o  pe r iod i c  orb i ts ,  when the 

mix ing actlon o f  stel j a r  pertusbations(3)(6'hap~~~s t o  b r i n g  them back i n t o  

the inner por t ions o f  the so lar  system. This, however, i s  not  the purpose 

The 



of the present Fiavestigation" 

The C Q ~ O ~  o r i g i n  wouFd Imply some cornon proper t ies Fn the physical 

s t ruc tu re  o f  cornets and astesstds. We do mot know much about the physical 

s t ruc tu re  of  these bodtes, except that  asteroids must contain compact s o l i d  

substance s i m i l a r  t o  tha t  o f  meteorites, whereas comets must ca r ry  on t h e i r  

surfaces a mixture o f  ices and dust (Whipplels mixture ('1) which i s  not 

obviously present i n  the asteroids, If Oort 's  concept Is correct, i t  i s  

l i k e l y  tha t  the asteroidal  fragments have acquired a coat ing o f  the i cy  

conglomerate i n  the very besginir~%ag, when the temperature i n  t h e i r  region 

was very low-the s m l s  rad ia t i on  being screened o f f  by intervening dust. 

Those fragments which were sent away to the d i s ran t  regions o f  the solar 

system have retained t h e i r  icy  coating; they appear t h u s  as cmnet nuclei, 

onthough their cores may be s6miBai- t o  the asteroids, 

lost their ices by evaporation, a t  l eas t  from near the surface, a f t e r  the 

dust hsg c3eared out of the inner port ions o f  the solar  system and sobas 

r a d i a t i o n  became e f f e c t i v e ,  

The l a t t e r  have 

Jne mechanical s t ruc tu re  o f  corcet nuclei s t i l l  remains a mystery. I n  

a119 p robab i l i t y ,  very d i f f e r e n t  types of s t r u c t u r e  may exist. The o l d  theory 

o f  a cluster  o f  p a r t i c l e s  bound together by mutual g r a v i t a t i o n  and easily 

disrupted by t i d a l  act ion near the sun, i s  s t i l l  upheld i n  some recent 

papers ,  a1 though the r o l e  o f  coli 1 isions i n  leading t o  condensation o f  the 

GI Easter i s not overlooked( '! Undoubted1 ys smai 1 p a r t  i cl es cannot accoeanr: 

fo r  the persistence o f  the gaseous emissions from comets over a great 

nunbey of r ~ o l u t i o t ~ ~ .  These emIssiows must o r i g i n a t e  i n  bulky objects. 

AB 50, we1 1 -known cases o f  cornets spl i t t i f i g  UP i n t o  two or more components 

a f  B s i m i l a r  order of magnitude indicate *,hat the number o f  components i s  

small, and t h e i r  sizes ssmperable, I t  is inadmissible t o  assume t ha t  the 
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coiiieis hade s p l i t  into severi? Independent c l u s t e r s ,  The centers o f  these 

d i v i s i o n  products must be buBScy obJeets, no t  c l u s t e r s  which would have compBste]y 

dispersed i n  t h e  process o f  f i s s i o n ,  

16: appears t o  be p l a u s i b l e  t o  assume tha t  ~ ~ t ~ t s  a re  not c o ~ p ~ s e d  o f  

c l u s t e r s  o f  small p a r t i c l e s  crossing each o t h e r ' s  orbits; these must have been 

e l im ina ted  very SOQW !n mutual c o l l i s i o n s .  Uhat has surv ived o f  t he  

originail s t r u c t u r e  may be s i n g l e  o r  m u l t i p l e  bu lky  nuc le i ,  o r b i t i n g  i n  a 

regu la r  manner w i thout  crossing, s i m i l a r  t o  the  p r i n c i p a l  p lanets  o f  the  

soliar system o r  to munlltlple star- systems b u i l t  ow the hierarehisa8 p r inc ip le ,  

!.e, w i t h  the  orbital dimensions o f  successive members increas ing by orders 

of  magnitude ( a  close bimaoy w!ah a distant compaawisn, etc.) ,  LOSS a p f  mass 

by evaporat ion and tidsU action may thew liead t o  the observed f i s s i o n ,  

Evaporation o f  the Ices from a b u l k  nucleus may leave behind a glant  

dustball s t r u c t u r e  which, a t  a density of  8 = 0.6 gr/cm3 and a minimum 

s t reng th  o f  the  order  o f  s a 804 dyne/ma, assumed equal to t 5 a t  observed 

1 rt cometary dus t ba l  1 meteors '1 

from own g r a v i t y  (cent ra:  pressure equals p/efi6cPp where G = grav i t a t iona l  

constant) up t o  a diameter o f  d -= 7 m. 

w i  1 1 w i  thstand compress ion at the center  

With a conduc t i v i t y  as low as t h a t  o f  lunar dlilst, i t  can be shown t h a t  

an i cy  conglomerate sphere o f  2 Km diameter may take 3 x I @  years t o  lose 

a l l  i t s  ices by evaporat ion i f  the  dust is n o t  removed from the  surface, 

Exhausted o r  'Pdead18 cornet nus le i  may thus e x i s t  as dustballs up t o  t h i s  

1 irnit of size, comparable t o  the members o f  the Apoi lo group (Table 6); 

beyond t h i s  s i z e  they may s t i l l  possess an i c y  C O W  surrounded by uncompacted 

dust  l ayers .  

The dustbell s t r u c t u r e  o f  dead comet nuc le i  andiperhagr, of some 

asteroids may account also  f o r  a pecul i a r  object, Cornet Yi lson-Hasrington 

1949 I u I (see ~ i n ~ e  5) which e n t i r e l y  belongs to tbe ~ a r s  - Earth space and 
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i s  wel l  separated from J u p i t e r ' s  pesihel ion. The g rav i ta t i ona l  f i e l d  o f  

wars is too 

some probab 

m f t  an o r i g  

the Jup i te r  

the t o t a l  3 

weak t o  have achieved i t s  capture from the outside f i e l d  wi th  

I i t y ;  the r e l a t i v e  velocity, U = 0,430, is h i g h  enough t o  per- 

n from J u p i t e r ' s  crossing, but the time scale f o r  capture from 

fi%da Cij ,  = 2.4 x loAo years, i s  ra ther  long as compared w i t h  

fetime, 

e 

On the other  hand, i n te rac t i on  w i t h  the ear th  has a 

short  enough time scale, but, on account o f  the Bow r e l a t i v e  velocity, 

LJ = 00219, encounters w i t h  ear th  cannot send t h i s  ob ject  to  J u p i t e r ' s  

crossing (cf, Table 3) )  nor could an object  captured by the ea r th  frm 

J u p i t e r ' s  f i e l d  have a v e l o c i t y  less  then U = 0.29. 

almost completely i so la ted  i n  t e r r e s t r i a l  space. 

The obJect i s  thus 

As t o  the ca3 cwlat ion o f  B i fetimc, Comet 1949 3 ii does not C ~ O S S  the 

present o r b i t  o f  the earth.  The approach is, however, so c lose  t ha t  v a r i a t i o n s  

i n  the o r b i t a l  e c c e n t r i c i t y  o f  the ear th  would make crossing possible even 

ss icu lated according to equation (6) 

88 Is thus improbable t h a t  bmet WiBson-WarrSwc~ton was ever c s p u i r e d  

:rot3 t e r r e s t r i a l  space droa outside; t h i s  object  may be an esterois af the  

a0 outer dust layer.  The impact sf another asteroid  o r  meteorite may have 

thrawn open the i n te r l o r ,  exposing the ices t o  d i rec t  hsat6ng and evaporation, 

w i t h  ;;he ~~nsr;eFsrg cometary st ructure  of 2,2 b 

diameter c m  r e s i s t  t i d a l  d%srupt!en e t  grazing passage by t h e  earth =I ( 13) 
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by v i r t u e  o f  i t s  cohesion; for compact ice the 1 Bm 

70 km j beyond a disuance of four earth radii BSOITU 

rad! i from sun ( Rocheos 1 i r r p 5 t )  dusbal U st ructures 

t of  d 

earths 

o f  any 

he ld  together by t h e i s  Q W ~  grav i ta t ion,  Hence it 1s c lear  that even loosely 

bound compact nuc le i  can e x i s t  BwdeflnBtejy, and t ha t  the observed breakup 

ob some cornets in to  separate nuc8eK only can be expBeflned by these wweTleS 

being separated beforehand, orbiting around the C Q ~ O W  center o f  gravity 

a t  distances which are much greater (loo ttmes, to  name a f8gure) than t h e  

diameters o f  the nuclei themselves. Some comet nucUe%, e t  Beast, must 

constst o f  m u l t i p l e  gravitating systems with a small number of principal, 

members; others may be s ing le  bu9k bodies, 

(b) Types and physical survival of  comet ~iwlje! 

U a a  Table 6, these are B i s t e d  e i g h t  known objeecuof the Apollio group, 

coexistent w i t h  and o f  s i m i l a r  o r b i t a l  proper t ies and dynamical age as the 

three cometary en t r i es  o f  the table (Encke's comet, the Germinids and 

Comet 1949 I6 1) There i s  some reason t o  suspect t ha t  t h e i r  plays lcal 

o r i g i n  way also be s i m i l a r ,  p a r t l y  a t  l eas t .  

A cometary nucleus, or a proto-asteroid which, according t o  Qort's 

concepts, has become a comet, may have a s t ruc tu re  o f  one o f  t h e  follsuing 

two basic types: type 1, e n t i r e l y  consis t ing of Whipplees icy-dust 

and type 1 1 ,  p a r t l y  cons is t ing of sol i d  meteor i te chunks 

S P  even one soljd nuc!eus, surrounded by the i cy  conglomerate. When becoming 

a periodic comet, the icy  conglomerate p a r t l y  evaporates in the sun1 ight, 

p a r t l y  scat ters  as dust and dustbal l  meteors, a process usualby c a l l e d  

disinzegratlon. Type I e i t h e r  may d is in teg ra te  completely, leaving only  

meteoric matter dispersed i n  space behind,oos may survive as a g i a n t  dust- 

b a l l o  Type ' ! I 2  a f t e r  losing i t s  v o l a t i l e  and dust coating, will become 

almost unobservable, but Its solid m e t e o r i t i c  portion w%Bl continue i n  the 
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g - h j t o  !n bcth csses t h e  res8d:c;al ndJsiel will appear as @ste ro ids  si3ilas 

to the objects of the Apsalo group, o n l y  being observable under favorable 

c i rcums tances 

&ether the Aprallo group i s  B tbe3y t~ contain such nucle i  o f  dead 
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601% isions were breaking up some of the planets, releasing astaroidai  and 

m e t e o r i t i c  compact fragments which, a f t e r  covering up t e k s o a r - f r ~ ~ t  o f  the v 
Icy mixture, were a 8 s ~  p a r t l y  ejected t o  the cometary eBoud, forming thus  

nuc le i  o f  type 8 8 .  Be%ng of l a t e r  or ig in,  these may be expected t o  be less 

numerous than she nuc le i  of type 1, and the composition o f  t h e i r  conglomerates 

may a lso be d i f ferent ;  the d i ve rs f t y  of comet spe'ktsa and t a i $ s  may be 

understood on these lines as a di f ference i n  ear ly age, 

(c)  and the or i s i n  o f  %=APQ~!O qrowp h a d  comet nut! e i  

Excluding t h e  three cometary objects of Table 6, comet, Er~eke, the 

Germinids as welU as C ~ a e k  WSFsow-Werrlngrsn, t h e  herm0nic mean 1 Dfetime 

o f  the e ight  apparently asteroidal  members o f  t h e  ApoIUo group i s  found 

3 

t o  equal 

exponent ia l ly  according t o  equatton (31)) the o r i g i n a l  number 4500 m i l l  ion 

years ago would have been 2!.5 x IO1* times greater and, allowing for the 

considerable incompleteness o f  the l i s t  due to  observarional B imitations, 

would correspond t o  a t o t a l  o f  100 times the sun's mass, The absurdness 

of such an assumption is obvious, Iln any case, the survival since the 

6. beginning o f  t h e  solar  systemFhe three shorfl tved objects.,  Apoll lo, 
as Adonis, and Hemes, would be tmea probable %m a miracle, 

We have t o  conclude therefore tha t  the asteroids o f  the ApoFBo group 

a re  no t  permanent members o f  t h e  space occupied by the t e r r e s t r i a l  planets 

m e r e  they are  now but, wh i l e  they are el iminated c h i e f l y  by coll isions on a 

~ i m e  aLaIe o f  IO" years, they a r e  current ly  supplied from some sodbsce or 

marG;es, so t h a t  the balance o f  the populat ion I s  maintained. Two sources 

can be thought c ' a  the asteroidal  belt, and comets. 
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None of the aghell Fa o f  the  regular asteroids r e a c h s  t o  Jrapite;:s 

perlhel l%on (Table I ] ) ,  so tha t  there is mo crossing wi th  the g ian t  p l a m t g  

this is r e a d i l y  explained by rap id  elfmtnatton o f  +rossFng objects 4 

And, as has been pointed out iua Section 3. (d) ,  the present asteroids OF the 

H i l d a  family must be virtually stable, otherwise they wouBd have disappeared 

long ago. Also, none o f  the aphel fa h(l+e), Table a o f  "-,ne eight  members 

of the ApoBls group comes anywhere near J u p i t e r ' s  o r b i t ,  the Barges vaienes 

being 3e51 and 3.63 a.hsoy we!I below those of the outer asteroids o f  Table i 5 

An o r i g i n  f r ~ m  the asterolda9 be1-c by way o f  dUp8tek 'S  perturbat ions seems 

thus t o  be excluded, 

Next come the asteroids crossing Mars, an almost complete up t o  date, 

4 Is.; o f  which is given i n  Table 7. As can be seen from the%-values, these 

a re  Bong-l ived objects which well could 

o r i g i n  o f  the solar system. The hemon 

1 lsted i s  
- rb% = 6 . a  x IO8 years 

end longer than the  age o f  t h e  so la r  sy 

have been present there since the 

c mean B ~ f e t t m e  for  the 34 asteroids 

in  4500 m i  1 1  ion years thei  r numbeys must have decreased by 50 per ;e8;t2, 

50 t k a t  about one-half o f  the o r ig ina l  populeti~n may have survived i n  

Mars crossings, Unl ike the other terrestrial planets, the interaction 

CROSS sect ion of  Mars is. m a %  1 enough PO make reasonably probable a pro- 

Bonged coexistence w i t h  crossing astero ids.  

AB shough cojll isions w i t h  bdars are t h e  ch ie f  s o ~ t - c e  cf rs~ovaF o f  

these objects, a not neglig!$le f t - a c t i ~ n  (j,, Table 7 )  i s  diver ted to 

La;a.h crossings and I s  thus in jec ted  Onto t h e  Apoli~ group, From Table 7, 

xhe average value o f  j weighted by 1/Z is E 



and the acnual Brtjectlion ra te  from the Mars asteroid: (Jdblle 7 )  I n t ~  the 

ApoB lo group (Table 6) becomes 

HE = 0021 II "ITH 305s x l0-o IMn (37) 

when the numertcel value o f  yH Is s u b s t l t u t a d  from equation (35);; here 

Wn i s  the population o f  the Mars group. 

group, as corresponding t o  the lifetime defiDed by equation (341, I S  

The annuen loss from the Ap01l0 

eA - 9,8 x 38) 

wbere HA 6s the population of  t h e  ApoEFo ~l~oaopo 

Let LAHy NAM !R equation (38) refer to that  pert of the population 

Ut the 1 Intits o f  of the ApoBio group w b l ~ h  derives from the &iro g r m p a  

se'Ject!on ( e , g ,  by diameter) are the same and s tat fs t f sa l  a q u ! !  ibeium 

bo% ds 

'Ab4 'WE 

Now, the selection 1 innits of :the two 1 i s t s  are  not  comparable 

The ApoElo group II i s t  goes down and a r e  strongly depending on diameter. 

to a diameter o f  about 1 .Q hj whereas the Mars group Os equa l ly  complete 

(or incornplerej to about 5 h. We may a t t e n p t  an evaluation o f  the 

s e l e c t i o n  e f f e c t s .  

For the Mars group we may z3e statistical date on apparent magnitudes 
8 

of as te ro ids  in generalq 

eumors (Stsoobant, B,aa$e, peeti] in, Opik) that  the increment in cumulative 

' 'u'~1be-5 ( ! . e .  YotaE sum ~ O W S I  to a cer ta in  diameter! o f  a s t e w i d s  i n  the 

observed range o f  s i z e  proseeds nearly w i t h  t h e  -1.6 power of  t h e  1 i m i  t i n g  

a;aaetes ~ p o p u ~ .  t i o n  index = 3 ,,6)'24' 

0 %  has bees, found concordantly by d i f f e r e n t  
B B  

By extr3pobae;on c f  the Tmbers  
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dJi th the a i d  o f  t h i s  index (which requires a t r e b l  itag o f  the number flsr a 

Taking Nin 

on (39) y i e l d s  an equl8 tbrium population ob the ApoBIo group, FdAw = 4,4, 

reaEwed by fnjection from the Maw asteroldso 

The number Ulsted In Table 6 w i t h  d >  1.0 ht i s  7 which w o u l d  seem t o  be 

1215 f o r  d 7  1 .05 h, accord ng to t h e  last 1 ine o f  Table 2) 

enough t o  t h e  expectat ion,  Actual I y y  however, tk-e 1 i s t  o f  the Ap01 Fa 

cannot be complete; there are undoubtecd8y many more undiscovered o b j e c t s  

in the group. The se lec t i on  e f f e c t s  are d i f f f w l i t  to  allod for, bu t  t h e i r  

order of  magnitude may be estimated as folilows. 

ApoISo Q ~ Q U ~  i s  mainly due to cha t t i ng  w i t h  the  48-inch bdsunt Palomar ~ c h r n i d t ,  

The present  l i s t  o f  the 

For the sake o f  simplicity we assume that  the sky has been e f f i c i e n t l y  cowered 

ex.g,gerafes the conape eteraess o f  coverage. W i  t h  1 m a r  a1 bedo, the conventisna! 

:rial;cter ( d  i t a  h) of an ob jec t  of apparent magnitbads R i n  mean apposition is 

log C = 3.63 $. 309 r A  - 0.2 m ( 40) 
(4 where r a n d B  a r e  he8iocewtsis and geocentr ic  distance i n  a .uo ,  respect ive ly  
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A l low ing  f o r  the  e f f e c t  of motion on t he  photographic plate, the photographic 

image i n t e n s i t y  var ies  as BY', no t  as A-2 w i t h  geocentr ic  distance, and 

the l i m i t i n g  minimum diameter of an asteroid, observable w i t h  a given i n s t r u -  

menta set, thus va r ies  w 

l i 2  d .Y rn  m i n  

S e t t i n g  r = I ,  d =  

a t  the  u n i t  distances f o r  

t h  the two distances as 

(W 

, m = 18.5 i n  equation (413, dmin = O o 8  Sun obta ins  

opposition; under an average phase angle o f  30' 

t h i s  somewhat reduces perhaps t o  d = 1-2 h as an e f f e c t i v e  1 i r n i t .  Hence.., 

according t o  equation (41) 
m i n  

i n  lamy f o r  r and A i n  a,u. 

. ,  
On account o f  phase effects, the discovery o f  t he  f a i n t e r  as te ro ids  can 

take pla-ce mainly when they a r e  ou ts ide  the  e a r t h ' s  o rb i t ,  r 7 1, 7 = 1 9 0 . 5 A p  

whence 

If Vo Is the  t o t a l  volume o f  space e f f e c t i v e l y  occupied by t h e  asteroids, 

and M i s  the  volume covered by observation, the  "coe f f i c i en t  o f  perception" 

or  t he  r e l a t i v e  completeness o f  the r e s u l t i n g  E i s t  o f  d iscover ies i s  

/r = 1 - exp (-v4v,) (43) 

For as te ro ids  o f  the  Apol l o  group moving between e f f e c t i v e  distances 

laf q = 0.7 and 9.'" 2.0 a.u., the volume occupied I s  approximately 

= 32 (a.u.a3 

For an observing d is tance a a n d  double coverage o f  the sky 

\ d = @ ~ d " = 8 A "  49 

Hence 

= 1 - exp( 4 A ') ( 46) 

and t h i s  i s  l i n k e d  t o  the minimum diameter by way o f  equation (k2 ) ,  Hence 



folilows the  coefficient of  percept ion of the Apol iu 1 Ist depefidiiig oas di8Xitt.e; 

as g iven i n  Table 13. 

Table 13 

A p  a.u. 0.1 0.2 003 0.4 0.6 0,8 1 .o 1 .5  2,o 

7 ~ , ~ X I O = ~  O.OC20 0.0068 0.016 0.054 0-13 0.22 0.57 0.86 

km 0.40 0.59 0.76 0.91 1.15 e.50 1.80 2.57 3.39 dmin' 

S t a t i s t i c s  o f  the small number o f  Apollo astero ids  cannot be very s i g n i -  

flcant; nevertheless with populat ion ind ices o f  s = 2,7 (probable value ( 14) ) 
J ,  

and 1.6 (as te ro ida l ) ,  t h e  ideal iaed distribution o f  the ob jec ts  i s  found t o  

0.41 0.51 0.62 0.65 0.56 0.60 1.28 4.63 

Boptilation index s = F,6 
? "  

n 4.00 3.30 2.28 1 ~ 2  1.3s LQO 3.20 16.52 

o,l6 0.24 0.34 0 ~ 4 3  0,46 0 ~ 6 0  2.56 4.79 T n  

f 3 0 0 0 1 a 7 ?! observed 

Here n is the ideal ized t r u e  re la t i ve :  number o f  ob jec ts  ( t o  an a r b i t r a r y  

f a c t a r  of p ropor t iona l  ! t y ) >  7 the average c o e f f i c i e n t  o f  percept ion ascording 

t o  Table 13, r n  the expected number o f  observed ob jec ts .  

For a popu la t ion  index of s = 2.7, d 7, 8.0 hj the probable r a t i o  of  

the number o f  discovered objects i s  27,5d4,63 = 6.1; the  t r u e  number t o  



fragments must 

5 km/sec, The 

o rde r  o f  

u a ( 2 s  

o r  ba re l y  equa 

i s  d e f i n i t e l y  
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f o r  s = 1.6, i t  i s  16.52/4.79 = v. 
observed d i s t r i b u t i o n  of diameters. 

Apo l lo  group w i t h  d y  1.0 km are  representing a t r u e  popu la t ion  of about 

The case s = 2.7 b e t t e r  agrees w i c h  the 

I t  means t h a t  the  7 ob jec ts  o f  the 

- 7 x 6.1 - 43. The est imate e r rs  probably on the lower side, The f a c t  

t h a t  each o f  the as tero ids  of the  Apo l lo  group has been observed on ly  once, 

by mere chance a t  discovery, and then hopelessly los t ,  would i nd i ca te  t h a t  

o n l y  a very small f r a c t i o n  o f  them i s  p resent ly  known. 

NA 

In  any case, the  probable number NA as estimated here i s  ten times 

the  number NAM expected from the  i n j e c t i o n  o f  Mars asteroids;; the I n j e c t i m  

i s  apparent ly  inadequate. 

Hence i t  appears t h a t  the ma jo r i t y  o f  t he  Apollo astero ids  cannot 

have o r i g i n a t e d  from the as tero ida l  b e l t .  They may indeed be dead comet 

m a l e i ,  o r  o ther  ob jec ts  i n f i l t r a t i n g  from the reg ion o f  the cloud o f  comets, 

such as tsiive as te ro ida l  bodies not covered w i t h  the  hoar - f ros t  coat ing and 

t h u s  unobservable except a t  c lose distance. 

Astero ida l  c o l l i s i o n s  as a source o f  Apo l l o  type fragments might be 

considered next .  Leaving as ide  the infrequency o f  such c o l l i s i o n s ,  and the  

e i r c m s t a n c e  t h a t  the aphe l ia  o f  the Apollo group a re  not crowded toward the  

densest p o r t i o n  o f  the as te ro ida l  be l t ,  but  are spreading d e f i n i t e l y  inwards 

o f  it, there i s  one argument which makes the suggestion unacceptable, To 

reach the ea r th  a f t e r  c o l l  i s i o n  from a d is tance o f  2.7 - 3.3 a,sd,, the 

acqu i re  a r e l a t i v e  v e l o c i t y  i n  our n o t a t i o n  o f  U Z  0.3 o r  

average v e l o c i t y  o f  c o l l  t s i on  o f  two as tero ids  i s  o f  the 

n2 i + 2e2)*l2 2 0.28 

t o  the requ i red  v e l o c i t y  o f  e j e c t i o n  o f  the fragments, This  

nadequate, cons ider ing t h a t  most o f  the k i n e t i c  energy o f  the  
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etllision i s  re:eased Tnelaat 

of the velocity of sol B i s ion .  

formation' 15)'pe' it appears 

kreover from the theory of meteorite crater 

hat i n  a colil l ision w i t h  cosmic velocity, large 

fragments cannot survive the accelerations required to eject them wish large 

velocities, Only srnal! meteoritic f:Tegmenta can arrive t o  us from the 

asteroidal reglow as the result of ~~Elisions, not bodies meescasjasg kilometers 

or  hundreds of meters In diameter, even when consisting o f  a material as herd 

as compact n icke l  Iron. The idea must be abandoned with respect to the 

ApoB F CJ group 

a 

(a )  D e f i n i t i o n  

Terressrlal space is here deffEed as that ins ide  J q i f e r C s  o r b i t .  The 

orbital characteristics o f  objects t e l ~ n g l ~ g  ta t h i s  S F ~ C ~  are defined by c4e 

absence of  Jupiter crcssings, o r  by the  aphelia being less than k094 a.ua, 

H Q W ~ V ~ P ,  the range from 4.54 to 4,34 a o b 0  remains h i t h i n  t h e  s p h e r e  of  actiori 

of Jupiter as a +rensit;on segiorl, 

t h i s  space, a l t h o q +  Table 7 rep-ese- ts  B F G P ~  .zarrw sel,ecEiop of Hers space, 

in  particular, the Vap01l0 group i s  characteristic of terrestrial space, 

The objects of Tables 6 and 7 belong to 

(b) Statistical equiB ibrium of disinteqration and dynamical elimination 

Let N be the number o f  comets i n  terrestrial space, ZYc the lifetime c 

of their "disintegration", ! , e ,  evaporation of the volatile substances with 

a1 1 i t s  consequenms, and ~2 the.  f ract ion of Type I I o r  other surv iv ing  

nuclei among them; and l e t  NAC be the nmber of objects in the Apol lo group 

derived from the 'YDisintegration'8 o f  the comets, ZA their dynarnical I ifetime. 

EquiF ibrium conditions requi re  



Or 

Assum 

(47) 

on 4(4> 

comets 9 

we o b t a i n  k N c  = 0,OOk as the  requ i red  time-average number o f  t t l  !velL comets 

i n  the t e r r e s t r i a l  space, capable of yleldiirag resicha! n u c l e i  exceeding B .O 

krn i n  diameter, i n  'Table 6, there  i s  one bona fide comet o f  d - 1.7 b 

and a meteor stream (Cerrainids) whtch must have r e c e n t l y  (on a t ime scale o f  

10" years) bee,? formed from a d i s in teg ra te0  comet. B R  eddltio~, p e r i o d i c  

comet 6sfgg-Skje1Fervp has i t s  aphee im exaskby a t  the 1 imit o f  &,94 a , u o  

( T a b l e  9) Only ob jec ts  w i t h  Apollo Q T - Q L ~  d w r a c t e r i s r i c s .  i , e ,  crossing 

tk o r b i t  o f  the  ea r rb  and p ~ k e n t i a l ? ~  capable o f  s e e c h i ~ g  Jupiter are  thus 

included, 

this i s  s a t i s f i e d  by a very low margin o f  e f f ! c iency ,  = CoO3g. The 

e s t f m r e  is e x t r e w l y  uncertain,  be,? suf f i c ie rF t  to show that t h e  hypothesis 

o f  some meEbess of  the ApoFEo group having bees der ived  from d i s i n t e g r a t i o n  of 

cornets does no t  require naany 11 i d e  C O ~ ~ ~ C E ~  t~ be yszsent i n  tke t e r r e s t r i a l  

space, 

* 

The observed Pumber may t h u s  be s e t  dt Ne = l o 5  Q d P  ? " 2  ksr);: 

( c )  Srejection from qeneral f i e l d  o f  comets 

From the annew" comets temporar i ly  en te r ing  t e r r e s t r i a l  space from 

o u t e r  regions, the t e r r e s t r i a l  p l a n e t s  may p e r t l y  el israinate some by c o l -  

1 isions, p a ~ t l y  they may p e r t u r b  t h e i r  motions i n  close encounters, cap tu r ing  

them i n t o  t e r r e s t r i a l  space. Bf the outer p lanets  were not there, the psoba- 

w i t h  b i l  i t i e s  o f  ~ o l l l i s i ~ n  and capture coceld be ca l cu la ted  from equat ion ( 6 ) ,  

~~ ~~ 

* As suggested i n  sec t i on  4 ( a ) ,  Comet Wilsm-Haroingtow i s  more p roper l y  

counted w i t h  the bone f i d e  as tero ids  d e r i v i n g  f rom the  Mars region, 
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the  encounter target  radi  I beirig given by equeticns (8) 2nd (17) and the 

r e l a t i v e  p robab i l  I t y  o f  a c e r t a i n  o r b i t a l  change being def ined by equat ion 

(1.5) 

e n t i r e l y  i ns ide  JupDter's o r b i t  i s  ev iden t l y  

In such a case the r e l a t i v e  p robab i l  i t y  f o r  the  changed o r b i t  t o  be 

'i = i-[e+ ( J U ~  F ter)]  ( 48) 
w i t h  8, ( J u p i t e r )  be ing g iven i n  Table. 2. 

In the presence o f  the outer  planets, the colll i s i o n  probab i l  i t i e s  w i l  F 

not  be a f fec ted .  

caused by J u p i t e r  t h a t  the  angular de f l ec t i ons  induced by the t e r r e s t r i a l  

p lanets  cannot accumulate i n  random w a l k  and equation (17) does not apply, 

However, o r i i t a l  change o f  cross ing o r b i t s  i s  so e f f i c i e n t l y  

Only de f l ec t i ons  i n  s i n g l e  encounters a re  e f f e z t l v e ,  These impose severe 

3 i v i t a t i o n s  on the  possibi! t t y  o f  srbital change,, 

The calculation of probabil isies 06 o r b i t a l  c e p f ~ r e  F Q  single encounters 

is ra the r  compl icated, except f o r  parabo! Js o b j e c t s .  For them, the w r i t e r  

est imated by numcrisal iptegratiosr [using eqmcion ( ! I ) ]  that ,  from an 

isotropical~y d i s t r i b u t e d  populat ion o f  paraboll i c  ob jec ts  LP = 2, equation (19j-J~ 

cap%ures by the ea r th  can take place o r l y  i n  the v e l o c i t y  range of Y sa 0,46 - 0-72,  

and  the t o t a l  p r o b a S i l f t y  o f  capture i n t o  terrestrial space pes c ross ing  and 

pe r ihe l  ion  passage o f  a parabol i c  comet (6-1 5 U 5@ + 1: i s  then 

= 1 .Q x IOw1' % 
The captares take place i n  a close range o f  per igee passages Setween l,OO and 

1 .Og ear th  r a d i i .  

App l i ca t i on  of the cumulative random w a l k  procedure w i t h  equations (17) 

and (15)  t o  25 n e a r l y  pa rabo l i c  o r  long-per iod (790 years) ob jec ts  which have 

been observed cross ing the ea r th ' s  o r b i t  dur ing  1936 0 l$g(17) y i e l d e d  an 

average o f  

PA = 2.9 x 1 0 ~ ~ ~  
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dual values 

ch has the 

o f  p which f l u t u a t e  considerably. 

argest value of the p r o b a b i l i t y  
f 

PiA 0.6 x 

Oecan see that, although theo re t i ca l l y  the cumulative procedure i s  

not  j u s t i f i e d ,  in p rac t i ce  i t  y ie lds a numerical r e s u l t  s u f f i c i e n t l y  close 

t o  the correct  one f o r  def lect ion i n  s ing le  encounters. 

It can be assumed that  the cumulative procedure y ie lds  an acceptable 

approximation a lso in  the case o f  the pe r iod i c  orbi ts,  where the. exact 

ca l cu la t i on  i s  complicated, but which c h i e f l y  cont r ibute t o  the p r o b a b i l i t y  

as being more e a s i l y  captured than the parabol ic objects. 

From a complete B 1st o f  comets over 14 years"'), f o r  30 observed 

appar i t ions o f  objects crossing the o r b i t s  o f  ear th  and Jup i te r  (repeated 

appar i t ions o f  pe r iod i c  comets being counted i nd i v idua l l y ) ,  the average 

p r o b a b i l i t i e s  per appar i t ion of collision (Pc)  ar?d o f  capture QP ) i n t o  

Apol lo-type o r b i t s  o f  t e r r e s t r i a l  space, were found as 1 i s ted  i n  Table 150 

I n  notat ions o f  Table 2, in  each indiv idual  case 

A 

pA = pC(o- a 2  / S  ) l1 - G+($upiter)J 

Table 15 

By Earth By Venus Total per Appar i t ion 

Probabi 1 i t y  o f  col l i s  ion, Pc 45 9x 1 Ow'" II 3 I 8w II 0- lo 59 0 7x1 O - l Q  

Probabi 1 i t y  o f  capture, 2 . 6 5 ~ 1 0 - ~ ~  0~27x1 0-lo 2 0 92x1 0-10 

If Zr i s  the t r u e  number o f  appar i t ions per year o f  comets whose 
C 

nuc le i  are o f  the r i g h t  size, t o  become u l t i m a t e l y  members of a populat ion 

o f  the Apollo group w i t h  an e f f i c i ency  fac to r  hf f o r  s t a t i s t i c a l  NAC 

e q u i l  ibr ium 
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or, w i t h  IO", = 2 , 9  x 1 0 ~ 1 ' ~  N~~ jg ( a i  l o a  h), 

k2yd = as3 x 103 ; 

f o r  1 >  k >  0,003, t h i s  is equivalent t o  from lo3 t o  4 x lo5  comets per year 

w i t h  nuc le i  exceeding B h i n  diameter crossing the o r b i t  o f  the earth; such 

a number Is absolute ly  ou t  o f  the question, 

This s t a t i s t i c a l  puzzle can also be t reated i n  a more d i r e c t  way. 

B f  the observational s e l e c t i v i t y  o f  cornets i n  general and those i n  t e r r e s t r i a l  

space i s  the same, instead of guessing the very uncertain se lect ion factors, 

the adequacy o f  i n j e c t i o n  can be tested d i r e c t l y  from the number o f  recorded 

objects.  In  the preceding subsection i t  has been shown tha t  one or two l i v e  

comets, a c t u a l l y  known t o  be present in  t e r r e s t r i a l  space, are amply 

s u f f i c i e n t  f o r  maintaining the  populat ion of  the Apsl lo  group a t  i t s  present 

Bow as 0,003 for the f r a c t i o n  o f  surv iv ing 

t o  account f o r  the o r i g i n  o f  the observed 

a1 space, 61 = 1.5.  !ha notati~ns 

om, we have then 

C 

474 

where Yo is the annual number o f  a11 observed appar i t  ions without se lect ion 

ef fects.  

Nc - 6 x IO-* obtained, which i s  u t t e r l y  i n s i g n i f i c a n t  as compared w i t h  an 

observed e f f e c t i v e  number of  I . e S G  According t o  t h i s  c r i t e r i o n  too, d i r e c t  

capture o f  f i e l d  comets by the earth cannot account f o r  adequate i n j e c t i o n  

= 2.9 x With y0 = 31/14 = 2.1, PA = IO* years? 6 

Bevel, even w i t h  an e f f i c i e n c y  as 

residual nuc le i .  Bt remains thus 

number o f  l i v e  comets I n  t e r r e s t r  

of  t h i s  and the preceding subsect 

i n t o  t e r r e s t r i a l  spacev the r a t e  being short  by a fac to r  o f  IO", 

( d) -ers and inagn i tudes 

If the evaporation i n tens i t y  per u n i t  surface o f  the nucleus, and 

the t o t a l  b r  ghtness o f  a cornet, i s  a unique funct ion o f  h e l i o c e n t r i c  d 

the diameter of a comet nucleus must be given by a formula o f  the type 

thus 

stance, 

. 
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l o g  d = C - 0.2 mo ( 50) 

where mo i s  the Bobrovn i koff-Schmidt I8abso1 Ute8' o r  standard magn i tude reduced 

t o  u n i t  hel i ocen t r i c  and geocentric distances and t o  standard instrument 18) ( Id 

The equation may involve considerable deviat ions i n  ind iv idual  cases, but should 

apply as an average, 

For the per iod 185)-1948,$mst a century, f o r  which photometric data 

are avai lable, the absolute magnitude d i s t r i b u t i o n  and number o f  appar i t ions 

of b r i g h t  comets, w i t h  pe r ihe l i on  distances less than B,OP a,u., i s  given i n  

sect ion (a)/able 16, according t o  Vanysen'20! i n  sect ion ( b l  the s t a t i s t i c s  

o f  a l l  appar i t ions i s  presented according t o  the catelsgue of BeBdet and 

Obal d i a  ( 21) 

.I' 

Table 16. Absolute Magnitudes and Appar i t ions o f  Briqkt  Cornets ( q  L l q 0 2  a.u.) 

Period o f  observation 

( I) Total apparit ions, q 1. lo@ 

( B 8 )  Number w i t h  mo f 5.9 

Select ion Ratio ( I )  t o  ( 1 ill 

Appar i t ions 

The f 

in  u n i t s  o f  

The populat 

per year 

1 0.62 0.40 

ago0 - 1935 1936 - 1948 

72 33 

7 3 

10.3 11,o 

2,OO 2 035 

r s t  1 ine i n  sect ion (a )  of  the tab le  gives the r e l a t i v e  diameter 

tha t  o f  the rno 

on ind& o f  diameters , defined here as 

5.0 - 5.9 group, according t o  equation (50) 
141 
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s - $ d( Bog bO)/dmo (51 )  

i s  given i n  the f i f t h  l i n e  o f  the table. I t s  decrease beyond mo - 5.9, and 

the s t a t i s t i c a l  comparison w i t h  section (b) o f  the tab le indicates tha t  

down t o  mo- 5.9 there i s  no r e l a t i v e  se lect ion i n  the photometric data 

o f  these b r i g h t  comets whence, down t o  t h i s  l i m i t ,  the average populat ion 

index o f  dlarneters i s  5 - 2.3. With t h i s ,  the cumulative numbers increase 

i n  a r a t i o  o f  4,3 f o r  a r a t i o  o f  l i m i t i n g  d!ameters o f  one-half, o r  in a 

r a t i o  o f  2,63 per magnitude in terva l  o f  moo 

Allowing for  unfaworable pe r ihe l i on  passages, we may estimate that, 

despite t h e i r  r e l a t i v e  completeness as compared w i th  the t o t a l  number o f  

apparit ions, probably only one-quarter of e l l  comets w i t h  m e n 5  5.9 have 

been recorded, so tha t  the t rue  annual number o f  comets b r i g h t e r  than the 

s i x t h  magnitude crossing the o r b i t  ~f the ear th  may be estimated a t  ' 

fa = 21 x V g 6  = a88, 

With s = 2,1 -,he t r ue  number o f  appar i t ions down t o  a magnitude 1 i m i t  

~m = m a 7  6 can be extrapolated w i t h  t h e  a i d  o f  the formula 

= 0,58 

Foe lunar 

%? 

nucleus a t  u n i t  

magni tude m6p o f  

x 2063(mu61 

albedo, equation (40) y ie lds  for  the magnitude m of  the 

distances ( r  = 1, A = 1, o r  the same f o r  which the integrated 

the cornet i s  calculated) and f u l  B phase 

C 

- mas 18,115 - 5 C  ( 53) C 

The v i r t u a l  i n v i s i b i l i t y  o f  the t rue  nuc le i  o f  most cornets would imply 

m - m~ > 5 o r  CL 2,6 as an overa l l  upper 1 i m i  t for  the average value o f  the 

parametero 

C 

A d i r e c t  determination o f  t h e  constant C i s  possible only on rare 
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occasions. From two cases when the t r ue  nucleus was observed, the w r i t e r  

made a reduction of  the photometric observations t o  the csnvenrional 

3-inch telescope standard and u n i t  h e l i o c e n t r i c  distance using an exponent 

X = 3.3 f o r  the hel i o c e n t r i c  reduction ( B o t a r ~ v n i k o f f - S c h m i d t " ~ ) ( ~ ~ )  seduction) 

Assuming lunar albedo, the resu l t s  f o r  the constant i n  equation ( 5 0 )  were: 

6 = 2.25 f o r  pe r iod i c  comet Marrington-Abell 1955aj 6 = 2,%5 f o r  Comet Igb6a 

T i m e r s .  

the albedo o f  the w c l e i  i s  as low as that  of zodiacal dust, which i s  not 

improbable f o r  the $ U S ~ - C Q V ~ T ~ ~  radfatlm-damaged surface, 6 2 - 6  W Q U B ~  be 

ind ica ted ,  UndoubtedJy, indiv idual  comets may d i f f e r  wcdely ini t h i s  respect, 

accord ing t o  the surface r a t e  of ~vaporaticn of  the ices, best the average 

An average o f  C = 2,18 was actual By adopted and used (14H1540 If 

comet n u c l e i  

t u d e  greater than 

The values o f  ITS calculared from ia i ch tes ' s  dianeters, require t h e  c9 
n u c l e i  to  y i e l d  from 7 t o  208 per cent o f  the totall l i g h t  o f  the comet at 

u n i t  h e l i o c e n t r i c  distance, From the observatjowal seandpeint t h i s  i s  an 

unacceptably high, part. ly impossible r a t i o ,  These caE be l i t t l e  doubt t h a t  
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R ich te r ' s  diameters are too la rge  for compact nuclei,  and tha t  most o f  the 

1 i g h t  he a t t r i b u t e d  to  the  nucleus must have come from the  "'false nucleust*, 

the concentrat ion o f  gas and dust leav ing  the  mcFeus i n  a111 d i r e c t i o n s ,  

Even t h e  values ca l cu la ted  w i th  C = 2,6 appear t o  be too h igh.  The 

number o f  c ra te rs  i n  the lunar !-!are Bmbrium, e s s e n t i a l l y  depending ~n the 

frequency end s i z e  d i s t r i b u t i o n  o f  cornet nuc le iJ  and caEculated w j t h  

C = 2,18 f o r  the comets, agrees w i th  the observed number(14) 

ment disappears when 6 = 2,6 i s  a5suned, increas ing rhe mlurne and mass 

o f  each p r o j e c t i l e  18 times. 

The agree- 

 he c a l e w ~ i a ~ e d  nunher of c r a t e r s  f o r  given 

s i z e  l i m i t s  would then increase about 5 times ana exceed i n  t h i s  r a t i o  

the oks-erded n m b e r o  Whetewer the unce r ta in t i es  i n  the  e s t i m e e  o f  the 

frequency o f  lunar craters, Et would be quite s l i f f i u l t  ro bvidge over t h i s  

gap" 

For vtoaking purposes, w d  wi tk  a tentative probable error, we thus 

G J n  aSSum€! f o r  the  paremeter O f  eyUat'0n (go) 

6 -  2,1s 4 o o 2  3 

or  valules be'tweer, 2,O and 2 4 a5 t ~ : e  extce~e rarcje, 

There e x i s t s  an independent check on this f i g u r e  which carries more 

Bt weig4t  than any estimates o f  the  diameters o f  comet nuc le i  ever made, 

i s  based on the apparent decrease i n  the g r a v i t a t i o n a l  constant bj caused 

by the  i n e r s i a l  reac t i on  o f  t h e  sunward jet o f  vapors from the nucleus 

( rocket  ef fec t )  

64 comets w i t h  d e f i n i t i v e  o r b i t s  which y ie lded  a s i g n i f i c a n t  weighted 

mean value o f  A U k  = - 0.53 x !Om" lro the expected d i  rectfon, 

f e w  mos t  accurate e n t r i e s  i t  ear, be judged t h a t  the rea l  spread i n  8kIk i s  

o f  t he  order  of %0,6 x lom5, Therefore, using only. t h e  very best  date fo r  

which the o b s e w a t i o n s l  mean e r r o r  irl A6dk i s  less  thap this spread, there 

~anargf and Whipple "" have puhl ished re!evant data f o r  

From their 
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remain six comets (186a 8 ,  1853 I l l ,  1886 I!, 1882 1, is58 V I  and 1896 IS!) 

f o r  which a l s o  the  standard magnitude r a a ~  on the  Bobrovnikoff-$chmidt sca le  ( 4 ( 

has been determined. With a co r rec t i ng  fac to r  of 0.89, assumed t o  represent 

the f r a c t i o n  of so la r  heat used up i n  the  sub l imat ion  o f  the ices ( ! m a r  

albedo and surface r a d i a t i o n  l oss  a t  -100°C being assumed), and w i t h  A u k  a 

-0.67 (t0.18 p.e) x IO-”, equation ( E )  by Hamid and Whlpple(23’ y i e l d s  the  

harmonic mean diameter for  these s ix comets as 

dk = 3,2 008 (p.e,jkm 

based on the  j e t  e f f e c t .  

For the  same s i x  comets equation (50) w i t h  C - 2,18 y i e ? d s  a harmonic 

mean o f  

d - 5.8 km (extreme range frov 3”6 to 9) based on the observed standard m 

magnitudeso 

The agreement: Is b e t t e r  then ever obtallaed i n  estimates o f  comet 

diameters; i t  seems t h a t  here a t  l a s t  a re i l i ab le  bas is  has been f o w d  f o r  

assessing the t r u e  dimensions of  comet n u c l e i .  

The est imate from Aklk gives the  mass pes i s n i ~  sur face  o f  the nwclleilas; 

t h a t  based on mo y i e l d s  the t o t a l  sur face of the  nuc leuso If both estimates 

are  taken by t h e i r  face value, they could be reconc i led  by assuming an 

average comet nucleus to cons is t  o f  three spher ica l  components, each o f  an 

average diameter o f  3,2 h, so t h a t  t h e i r  t o t a l  r e f l e c t i n g  sur face would 

equal t h a t  o f  e sphere of 5.8 km diameter. In view of what was s a i d  about 

the  m u l t i p l e  s t r u c t u r e  o f  comet nuclei, t h i s  model and the absolute dimen- 

sions o f  the  n u c l e i  may be c lose t o  the  t r u t h  desp i te  the unce r ta in t i es  o f  the  

estimates, 

Estonia, Menbury in  Aus t ra l ia ,  and others)  adds f u r t h e r  weight t o  t h i s  con- 

eep t D 

The occurrence of  m u l t i p l e  meteor c r a t e r s  on ea r th  (Kaal iJarp/ in 
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(e) Gravi tat ional  capture from Jup i te r ' s  fami ly  o f  comets 

This i s  a two-stage process, Jup i te r  captur ing comets from the general 

f ie ld ,  the t e r r e s t r i a l  planets, c h i e f l y  the ear th  captur ing i n t o  t e r r e s t r i a l  

space comets w i t h  aphelia near Jup i te r ' s  o r b i t .  The p r o b a b i l i t y  o f  capture 

by the ear th  from Jup i te r ' s  fami ly  i s  some three orders o f  magnitude greater 

than d i r e c t l y  from the long-period or parabol ic f i e l d  whence)despite the 
. 

smaller number of objects, the expectation o f  capture i s  very much greater 

than from the general f i e l d .  

The populat ion o f  the Jupi ter  fami ly  we consider as given, wi thout 

i n q u i r i n g  how i t  got there. Capture i n t o  t e r r e s t r i a l  space t s  then she 

net  balance between incoming and outgoing objects, a problem of d i f f u s i o n  

inwards. The capture i s  non-cumulative, achieved by individuali def lect ions 

according t o  equation ( 1 1 )  There i s  a minlmum value o f  d which can produce 

the required o r b i t a l  change, and t h i s  sets an upper l i m i t  t o  the perigee 

distance r and the ta rge t  rad iusdmaxo FOR a small change In the desired 

d i r e c t  ion, the probabi 1 i t y  o f  the change per encounter var ies from neasl y 

one-half (0.45-0,48) a t  grazing passage t o  zero atcmax; an average value 

of  the probabi 1 i t y  pee ta rge t  cross-section rrmax i s  obtained by in tegrat ion.  

For an original l  set  o f  elements w i t h  a = 3.00 a . u O p  a( l -e) = 0.8, 

a( ]+e) = 5.2, a change t o  t yp i ca l  elements o f  a "captured" o rb i t ,  a = 2.8, 

a( I -@ = 0.8, a( l+e) f 4.8 can be achieved by ear th  encounters a t  condi t ions 

set  f o r t h  i n  Table 18, 

Table 18. Conditions f o r  Earth Encounters t o  Decrease P a r t i c l e ' s  Aphel ion by O.$ia,u, 
from 5.2 t o  4.8 a.u+ or less ( U  7 O,29) 

U 0.30 0.35 0.40 0.5 0.6 0 - 8  1 , O  1.5 2.0 

Probabil i t y  o f  desired change 0.45 0.48 0.48 0,443 0.47 0.47 0.46 0.43 0035 
a t  grazing passage 

ea r th  r a d i i  10.8 21.4 23,o 21.6 19.3 14.9 11.6 6.8 3 0 3  Ocmaxp 
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o f  U from 003 to  0~6, as i s  a c t u a l l y  covered by the 

Tables 8 and gb the probab i l  i t i e s  and t a r g e t  r a d i  i i n  

Table 18 vary bu t  moderately, leading t o  an almost eonstant p r o b a b i l i t y  o f  

I lcapture" ( o r  an almost equal p r o b a b i l i t y  of a change i n  opposi te  d i r e c t i o n )  o f  - 7 . 3  x 10- P t  

per  o r b i t a l  revolut ion;  w i t h  an average pe r iod  o f  r e v o l u t i o n  o f  5 years, 

t h i s  def ines the  p r o b a b i l i t y  o f  capture per  annum as 

8, = 1.5 x 10- 

"Capture" i s  here idantifjed as a decrease of  t h e  aphelion d is tance by 

0,4 a,uo or more, 

From a popu la t ion  o f  RJ comets i n  the  h p i t e r  family, capable o f  s 
reaching e a r t h ' s  srossing ( U >  0~44 w i t h  respect t o  ~ u p z t e r  Is the condit ion, 

- c f ,  Tables 2 and 31, a f r a c t i o n  B, i s  i n j e c t e d  annual ly  in to  a popu la t ion  

N o f  live comets i n  t e r r e s t r i a l  space. Of the l a t t e r ,  the same f r a c t i o n  

B i s  re turned t o  the  J u p i t e r  f am i l y  (when Ld > 0,gO with respect t o  ear th) ,  and 

a f r a c t i o n  1/2 decays o r  d i s in teg ra tes ,  The s t a t i s t i c a l  e q u i l  ib r ium cond i t i on  

can then be w r i t t e n  as 

C 

t 

c 

o r  

= lo4 y r s  t h i s  becomes 
6 

i s  the observed value, as on l y  two ob jec ts  

(Gr igg -Sk je l l e rup  and Neujrnln 2) s a t i s f y  the  cond i t i on  U 7 0,44, Hence 

Nc = 3 x 10-4 561 

i s  t he  observed equiva lent  value o f  l i v e  cornets i n  t e r r e s t r i a l  space, i n  

e q u i l i b r i u m  w i t h  the i n j e c t i o n  rate,  This i s  very much less  than the  
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Thus, a l though the  equ i l  ibr ium value o f  actual  observed number, NC = 1 . s o  
61 

f i e l d  CEf. subsection (c)]) i t  i 

number o f  l i v e  cornets present in t e r r e s t r i a l  space. 

i s  now 40 times that  which can be sustained by i n j e c t i o n  from the general C 
s t i l l  unable to  account f o r  the  ac tua l  

course, the s t a t i s t i c s  n t h i s  case i s  based o n p n g l e  o b j e c t  

( Comet Encke) and the  conclusion t M " t h e s e  are  too many object"  need n o t  

be s i g n i f i c a n t  (however, the sampling e r r o r  f o r  one observed event may 1 i e  

w i t h i n  the  l i im i to  o f  -50 t o  +IO0 per cent end t he  s e s d 8 t  s t i l l  c a r r i e s  

d e f i n i t e  weight) 

Disregarding the  single event and assuming t h a t  the average observable 

number o f  l i v e  comets i n  t e r r e s t r i a l  space equals t h e  vallue o f  equation ( 5 5 )  

ca lcu la ted  from in jec t i on ,  i n  fortller no ta t i ons  the  observable number 

(wi~hout s e l e c t i o n  being al lowed for) of res idua l  n,~~cBei i n  che Apolllo 

group becomes 

or o f  the r i g k t  o rde r  o f  magwitlade i f  the  e f f i c i ency ,  bJ, I s  assumed equal 

t o  u n i t y .  

Thus, the rwo-stage i n j e c t i o n  by capture from the dup i te r  family 

almost can account f o r  the  populat ion o f  the Apo l lo  group except tha: the  

improbable assumption o f  - 1 must then be made, In such a case comet 

Encke would represent a f reak  whose p r o b a b i l i t y  t o  be present i n  a random 

sampling by t ime (over  i n t e r v a l s  o f  rc = 1 Q 4  years) i s  3 x 

( f )  Capture from Jup i te r ' s  ~~ ~~ - f a m i l y  o f  dead nuc le i  

Baa a d d i t i o n  to  l i v e  comets in  t e r r e s t r i a l  

be supp l ied  by i n j e c t i o n  o f  e x t i n c t  nuclei s t i l  

The probable r a t i o  o f  the  number w o f  dead nuc 

i n  J u p i t e r  crossings i s  
j 

space, the Apol I s  group coul d 

c ross ing  Janpjter's o r b i t .  

e i  t o  t h a t  o f  1 i ve  comets 



i n  former notat ions, w i t h  G -  dynamial 1 i f e t i m e  in J u p i t e r  crossings, 

harmonic mean 1 i f e t i m e  o f  the nine ob jec ts  of Tables 8 and 9 i s  

The 

8,5 x IO5 

years; w i t h  Tc = lo4, 

For l e d  1,  N = 2 as f o r  ob jec ts  which can cross t h e  o r b i t  o f  the 4 
earth, 

Ira 4 170 , 4 
and from equation ( 5 5 )  the observable ndmber o f  dead n u c l e i  d i v e r t e d  t o  the 

ApoE 1 o group from $up i t e r  cross ings becomes 

n c C  0.024 

which again i s  negtjgiSBe, Although the dead nucle i  o f  comets i n  J u p i t e r ' s  

fami ly  may be numerous, Hidalgo possibly being an outs tanding example, 

they h a r d l y  can he lp  i n  understanding she o r i g i n  o f  the  A ~ o % ' ~ o  popu la t ion  

through g r a v i t a t i o n a l  capture, 

by way o f  a l a g  i n  evaporation from the sur face o f  a r o t a t i n g  comet nucleus, 

may be considered next  as a poss ib le  cause o f  b r i n g i n g  members o f  the  

J u p i t e r  fami ly  i n t o  t e r r e s t r i a l  space, Nuclei i n  re t rograde r o t a t i o n  i n  

which a tangent ia l  j e t  f o rce  operates i n  a d i r e c t i o n  opposi te  eo the o r b i t a l  

mot ion nay l ead  t o  loss of angular rmo~enturn~ c h i e f l y  near the per ihe l ion ,  

and t o  a decrease i n  the aphel ion d is tance and semi-major ax is ,  The 

apparent acce le ra t i on  o f  Comet Encke may be a t t r i b u t e d  to t h i s  cause 71 

As a rough estimate, we may assume t h a t  25 per cesrt o f  all nuc le i  have 

re t rograde r o t a t i o n  i n  the  pllane o f  the o r b i t ,  w i t h  a l a g  o f  maximum evaporation 

o f  30" in l ong i tude (corresponding t o  a hour angle of  2 porn,) .  with a v e l o c i t y  

* 
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o f  the escaping gases equal t o  0,56 h i s e e ,  or  a component 0,56 x T/!+ = G e 4 4  !m/;ec 

i n  the equator ia l  plene, the tangential component opposing o r b i t a l  motion i s  

0.44 s i n  30° = 0.22 h / s e c ,  A t  u n i t  distance from the sun ( 1  a.u.1 t h i s  

equals 0.0073 i n  the U-unitso Hence, f o r  a loss o f  mass i n  the r a t i o  o f  

kdb!, ,  the loss i n  the pe r ihe l i on  ve loc i t y  becomes 

,AU - 0000'73 l i ~ a  ( M r / k )  ( 581 

The i d e n t i t y  o f  the comet may s t i l l  remain preserved f o r  a mass loss r a t i o  

o f  ML/& = 8, whence 

AIJ 6 - 0,015 Q 591 

appears to be the order o f  magnitude o f  tke maximum a t ta inab le  loss o f  

angular momentlnm per u n i t  mass. 

v a r i a t i o Q  i n  the aphelion distance f o r  a perlhel ion a t  1 a.r.3.: 

Equation (1;) then y i e l d s  the fo l l ow ing  

a(lse), ini tEd! 5 -7 4c95 4,OO 

a( ]+e) f i n a l  ( A U  = -0.0!5) 499 4.4 3.54 

The orbitall change i s  s u f f i c i e n t  t o  lead t o  p rac t i ca l  i n j e c t i o n  o f  a l l  

comets w i t h  a(1 + e ) &  5.2 i n t o  terrestsjal space, The time sca le  o f  the 

process i s  Z equal to  tha t  o f  apparent disintegra.:ion Brz notat ions o f  

the preceding sections we have then (vJith 25 per cent or' t h e  comets subjiecr 

t o  the e f f e c t )  

Cd 

MC = 1/4 H = 0.5 4 
The present value o f  Mc i s  1.5, of  the same order  o f  magnitude as 

t h a t  calculated, 

The "rocket e f fec t "  i n  retrograde r o t a t i o n  i s  rhus q u a n t i t a t i v e l y  

adequate i n  supplying l i v e  comets t o  t e r r e s t r i a l  space, Cornet Encke 

appears t o  be s t i l l  d r i f t i n g  inwards, 
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( h) Concl us ion 

The supply of l i v e  comets, suspected parent  bodies o f  the  m a j o r i t y  o f  

the  Apo l lo  group asteroids, i s  e f f i c i e n t l y  achieved by an inward d r i f t  o f  

some o f  the  comets of the J u p i t e r  family, caused by the j e t  dece le ra t jon  o f  

n u c l e i  i n  re t rograde r o t a t i o n .  Only a small f r a c t i o n  o f  the Apo l lo  group, 

o f  the  order  o f  20 per cent or  less, can be regarded as bona f i d e  asteroids, 

d i v e r t e d  t o  ea r th  c ross ing  through accumulated per tu rba t ions  by Mars. 

The loss i n  U, the Jacobian r e l a t i v e  ve loc i ty ,  as due t o  the  rocket  

e f f e c t  i s  compasarively small, o f  the order  o f  - 0 , O I ~ .  Yence the  ob jec ts  

which have f i l t e r e d  in to  t e r r e s t r i a l  space must have re ta ined  almost t h e i r  

o r i g i n a l  U vaGues. T h i s  may be used as a means o f  guessing t h e i r  poss ib le  o r i g i n  

i n  i nd i v idua l  cases. 

To have o r i g i n a t e d  B u - o ~  t he  dbp i te r  family, U p  S,29 i s  requ i red  

w i t h  respect t o  the  earth, U >  o.l8 w i t h  respect t o  Mass, Hence a l l  ob jec ts  o f  

Table 6, w i t h  the except ion of  Cmet Wilson-Warrington, m y  wel l  have o r i g i n a t e d  

from the  J u p i t e r  family, 

il ob jec ts  i n  t h i s  t a b l e  i s  i = 0,679, d i t h  a range ftaa ~ . 3 &  to B 07" 

For the  34 b r s  as te ro ids  o f  Table 7 the  corresponding figures are  (d= 0,429, 

range 0,lgS - 1,006. There is indeed a marked d i f f e rence  between the  two 

groups) suggestive o f  d i f f e r e n t  or ig in ;  the  smal ler  U -w lue  f o r  the  Bars 

as te ro ids  i s  i n  harmony w t h  the  hypothesis t h a t  they are  indigenous t o  the  

Hars spaceu whereas the h gher r e l a t i v e  v e l o c i t y  o f  the  Apolls group ob jec ts  

and r e l a t e d  comets would nd ica te  a more extraneous o r i g i n .  As t o  the  

r e l a t i v e l y  small aphel ion distances o f  the  ob jee ts  o f  Table 5 (except i t s  

most recent member, Comet Encke), they may have been brought about by the  

accumulated e f f e c t  o f  c lose  approaches t o  the  t e r r e s t r i a l  p lanets .  The 

p r o b a b i l i t i e s  a re  no t  too favorable f o r  t h i s  assumptim, bu t  i t  i s  

d i f f i c u l t  t o  f i n d  a more p laus ib le  explanation. 

The average U-value w i t h  respect t o  Wars o f  all 
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